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ABSTRACT 
 
Berberis darwinii is an invasive tree species that is considered a serious threat to 
indigenous ecosystems and biodiversity conservation throughout New Zealand. I 
examined the recruitment dynamics of this species in order to identify traits 
contributing to invasion success, and thus pinpoint critical stages for management. In 
order to do this, I measured patterns of both spatial and temporal seed dispersal, and 
compared rates of germination and seedling survival across a range of light 
environments. I also measured patterns of growth, biomass allocation, photosynthetic 
performance, leaf morphology, and water use efficiency across different light 
environments. In most of these experiments I compared the performance of B. 
darwinii to four ecologically similar, co-occurring native species. Berberis darwinii 
produced large quantities of viable seed that were widely dispersed by birds. Almost 
all viable seeds germinated in the spring following dispersal, indicating that B. 
darwinii does not form a persistent seed bank. Rates of germination and seedling 
survival were significantly higher in B. darwinii compared to the native species, 
although seedling establishment of all species was limited to high-light environments. 
Berberis darwinii also had approximately twice the photosynthetic capacity of the 
native species, but this advantage was limited to high-light environments. Berberis 
darwinii does not vary significantly in proportional biomass allocation across light 
environments, suggesting that this type of plasticity does not contribute to invasion 
success. Berberis darwinii was more water use efficient in sun compared to shade, but 
the same pattern was evident in four of the five native species. The critical stage of 
recruitment for B. darwinii was first-year seedling establishment. Rates of mortality 
were highest at this stage, and were largely associated with seedling density and low 
light availability. Seedling mortality was near 100% beneath the parent canopy, 
indicating that seed dispersal is critical to B. darwinii recruitment.  These results 
suggest that B. darwinii is not shade-tolerant as a seedling, and that management 
practices should be concentrated on the removal of fruiting adult plants and seedlings 
growing in open sites. 
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CHAPTER ONE. SEEDLING RECRUITMENT OF 
BERBERIS DARWINII: WHAT FACTORS MIGHT 
CONTRIBUTE TO INVASION SUCCESS?  
 
Introduction 
A species can be defined as invasive if it a) has been introduced (usually by human 
action) to an area where it did not previously occur naturally, b) successfully 
reproduces and/or spreads in the new location without further intervention by humans, 
and c) becomes a pest in the new location, threatening the local biodiversity or 
ecosystems in some way. Invasive weed species can profoundly alter the structure and 
function of natural ecosystems (Shimizu and Tabata 1985; Hobbs and Mooney 1986; 
Braithwaite and Lonsdale 1987; Vitousek et al. 1987; Braithwaite et al. 1989; 
Vitousek 1990; D'Antonio et al. 1999; Bellingham et al. 2005), and are currently 
considered one of the most serious threats to global biological diversity (Heywood 
1989; Stone et al. 1992; Lodge 1993a; Cronk and Fuller 1995; Luken and Thieret 
1997; Schmitz et al. 1997; Adair and Groves 1998). Accordingly, ecologists have 
long been searching for a universal set of biological and ecological attributes that 
define—and thus predict—“weediness” in plants (Baker 1965; Barrett and Richardson 
1986; Bazzaz 1986; Lodge 1993b). However, weeds as a group display many 
combinations of weedy and non-weedy attributes (Kornberg and Williamson 1986; 
Newsome and Noble 1986; Roy 1990; Binggeli 1996) and competitiveness is often 
highly habitat-dependent (Thompson et al. 1995; Daehler 2003). Consequently, there 
is rarely a simple answer to the question of what determines invasion success. 
Nevertheless, detailed studies of recruitment dynamics continue to build on this 
growing body of knowledge, and, perhaps more importantly, provide valuable 
information for the management of invasive species. (e.g. Wiser et al. 1998; Ehrenfeld 
1999; Lavergne et al. 1999; Almasi 2000; Radford et al. 2002; Aragón and Groom 
2003). In this thesis I take this approach, and examine the recruitment dynamics of the 
invasive species Berberis darwinii Hook. (Berberidaceae). Berberis darwinii is a 
woody, evergreen, bird-dispersed shrub, native to southern Chile and Argentina. First 
recorded as naturalised in 1946 (Sykes 1982), it has since invaded a wide range of 
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environments throughout New Zealand (Webb et al. 1988). It is recognised as a 
serious threat to indigenous ecosystems and biodiversity conservation in many areas 
of New Zealand, and accordingly is included in the regional pest management plans 
of five regional councils (Waikato, Taranaki, Manawatu, Wellington, and Southland). 
It has also been declared an unwanted organism by the Department of Conservation, 
which means that it is illegal to propagate, sell, or distribute it within New Zealand. 
The aims of this thesis are to a) identify factors contributing to invasion success in 
this species and, b) identify the ideal time (e.g. life stage) and place (e.g. light 
environment) to implement control measures.  
 
Case studies of invasion success evince many different factors that contribute to 
invasion success. For example, differences in reproductive efforts (Callaway and 
Josselyn 1992; Vilà and D'Antonio 1998), seed dispersal (Richardson et al. 1987; 
Sallabanks 1993; Lavergne et al. 1999), germination and establishment requirements 
(Honig et al. 1992; Aragón and Groom 2003), phenotypic or physiological plasticity 
(Williams and Black 1994; Williams et al. 1995; Schweitzer and Larson 1999; 
Stratton and Goldstein 2001), biomass allocation (Baruch et al. 2000), carbon fixation 
and growth rate (Pattison et al. 1998; Durand and Goldstein 2001a), and susceptibility 
to seed predation (Richardson et al. 1987; Yamashita et al. 2003), herbivory 
(Schierenbeck et al. 1994), and pathogens (Goergen and Daehler 2001; Mitchell and 
Power 2003) have all been shown to give invasive species an advantage over 
competing indigenous species. Conversely, in a recent review of 79 independent 
native-invasive plant comparisons, the invasive species were not found to be 
statistically more likely to have higher growth rates, competitive ability, or fecundity, 
and under some conditions were less competitive than natives (Daehler 2003). The 
probability of invasion also depends on the “invasibility” of the recipient 
environment—for example environmental conditions, the level of disturbance, and the 
composition and diversity of the local plant community may render it more or less 
likely to be invaded (Burke and Grime 1996; Tilman 1997; Woitke and Dietz 2002; 
Burns and Miller 2004). In any case, it seems likely that factors contributing to 
invasion success in any given species may vary both spatially and temporally. 
Detailed case studies on the ecology of individual species will continue to shed light 
on these processes and contribute to the growing body of knowledge on invasion 
biology. 
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 Many such studies of invasion success are essentially studies of the seed and seedling 
stages, because without seed and seedling survival, there can be no recruitment 
(Harper 1977; Cavers 1983; Fenner 1987; Drake et al. 1989; Jones and Sharitz 1998; 
Ellison and Parker 2002; Hille Ris Lambers and Clark 2003). As per John Harper’s 
(1977) maxim, in plant ecology the action is in the transition of seeds to seedlings; 
what comes later is history. In other words, the structure and composition of a forest 
community may be largely determined at early life history stages. An understanding 
of recruitment dynamics—and thus invasion success—requires an understanding of 
the many interacting processes operating at these early stages. This study examines 
seed and seedling traits in Berberis darwinii from the time mature seeds are released 
from the parent plant, to the time seedlings emerge and become photosynthetically 
self-sufficient: i.e. the stages of seed dispersal, seed bank characteristics, germination, 
first-year seedling survival, seedling growth and biomass allocation, and 
photosynthesis. The role these traits play in seedling establishment, and their potential 
contribution to invasion success are discussed in more detail below. 
 
Seed dispersal 
Seed dispersal can be a crucial component of recruitment, and thus invasion success. 
In many cases there can be no invasion without dispersal, because seed arrival is a 
necessary first step of recruitment. Dispersal is also vital to many species because 
density-dependant mortality beneath the parent plant can be as high as 100%, usually 
due to factors such as sibling competition, increased predator, pathogen and herbivore 
activity (Janzen 1970; Connell 1971; Augspurger 1983b; Augspurger and Kelly 1984; 
Howe 1993; Hulme 1998), and possibly also because of parental allelopathic effects 
(Rice 1983; Friedman 1994).  
 
Spatial patterns of seed dispersal determine the initial template upon which 
subsequent recruitment takes place. Patterns of seed deposition usually decline 
exponentially with increasing distance from the source population, regardless of the 
dispersal vector, but seed dispersed by animals can also be concentrated around 
preferential perching, nesting, or hoarding sites (Willson and Crome 1989; 
McClanahan and Wolfe 1993; Herrera 1995; Verdú and García-Fayos 1996). If the 
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dispersal vector deposits seeds disproportionately to sites favourable for germination 
and survival, recruitment is likely to be enhanced. Knowing where seeds are likely to 
be deposited enables managers to search effectively for new individuals or 
populations, and also to accurately assess the likelihood of reinvasion following 
control. However, this also requires knowledge of where seeds are likely to germinate 
and survive as seedlings. In some cases, the pattern of seedling establishment is very 
similar to the initial pattern of seed deposition, which suggests that most seeds 
germinate and establishment wherever they land—hence recruitment is limited largely 
by seed availability (e.g. Herrera et al. 1994; Ackerman et al. 1996; Ehrlén and 
Eriksson 2000; e.g. Traveset et al. 2003). If, however, patterns of seedling 
establishment do not reflect patterns of seed deposition, this suggests that microsite 
availability is the main limitation on recruitment; germination and seedling 
establishment occur only in ‘safe sites’ (sensu Harper 1977) that offer favourable 
environmental conditions (e.g. Houle 1992; Houle 1995; Jordano and Herrera 1995; 
Houle 1998; Russell and Schupp 1998; Lavergne et al. 1999). The consequences of 
dispersal, and the likely pattern of invasion, thus depend on whether recruitment is 
seed- or microsite-limited. 
 
Seed bank 
Seeds can also be dispersed in time if they persist in the soil for more than a few 
months. This too can contribute to invasion success, particularly if coupled with 
effective spatial dispersal, because a persistent seed bank allows an individual to “lie 
in wait” for future regeneration opportunities. This ability is particularly advantageous 
in environments where germination opportunities are infrequent, or unpredictable 
(Harper 1977; Grime 1989; Parker et al. 1989). There are three main types of seed 
bank (c.f. Bakker et al. 1996): i) transient, where seeds persist for less than one year, 
ii) short-term persistent, where seeds persist for 1–5 years, and iii) long-term 
persistent, where seeds persist for more than 5 years. Invasive species with persistent 
seeds are more difficult to manage, because monitoring and control must continue for 
at least as long as the life of the seed bank (Panetta 2004).  
 
Persistent seeds are often—but not always—dormant (Thompson et al. 2003), and so 
require certain environmental cues and/or processes to occur before germination can 
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take place, for example a change in the temperature regime, light environment, or 
water relations, or the gradual decay of a hard seed coat (Egley 1994; Baskin and 
Baskin 1998). Dormancy may be one of five general types (c.f. Baskin and Baskin 
1998): i) physiological (physiological inhibiting mechanism of germination in the 
embryo), ii) physical (seed coat is impermeable to water), iii) combinational (both 
physiological and physical), iv) morphological (embryo is undeveloped), or v) 
morphopysiological (embryo is undeveloped, plus physiological inhibiting 
mechanism of germination in the embryo). Seed longevity can also be affected by the 
presence of seed predators and pathogens (Augspurger 1983b; Louda 1989; Fenner 
1994), and may vary with seed condition, depth of burial, and the level of disturbance 
(Wilson 1988; Bekker et al. 1998; Christian and Stanton 2004). Information about the 
type of seed bank and dormancy mechanisms an invasive species possesses is 
necessary for the effective management of current populations—and also the 
prediction of where and when future populations might emerge. 
 
Germination 
Germination requirements can have a major impact on patterns of recruitment—and 
thus invasion success—because they dictate where and when seedlings emerge 
(Venable and Lawlor 1980; Fenner 1985; Figueroa 2003). As mentioned above, 
requirements may be broad, for example in non-dormant seeds that only require 
sufficient moisture, temperature, and oxygen to germinate (Baskin and Baskin 1989). 
These seeds have the potential to germinate wherever they land, providing those 
conditions are met while seeds remain viable. On the other hand, persistent, dormant 
seeds that require light to germinate may emerge only in canopy gaps and other 
disturbed areas (Vázquez-Yanes and Orozco-Segovia 1993; Figueroa 2003). In both 
cases, germination requirements interact with patterns of dispersal to influence the 
number and location of potential new recruits to the population (Horvitz and 
Schemske 1994; Houle 1996; Rey and Alcàntara 2000; Hille Ris Lambers and Clark 
2003).  
 
Timing of germination also plays a critical role in seedling establishment, particularly 
in relation to competing species (e.g. Streng et al. 1989; e.g. Bush and Van Auken 
1991; Miller et al. 1994; Mandák 2003). Early germination may enable seedlings to 
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capture a disproportionate share of environmental resources earlier, and for a longer 
proportion of the growing season than late germinators (Ross and Harper 1972; Bush 
and Van Auken 1991; Jones et al. 1997; Seiwa 1997; 1998). This ‘head start’ may be 
accelerated further because seedlings start life early in the season, at a time of low 
competition and reduced pathogen and predator loads (Seiwa 1997; 1998). Invasive 
species are often early colonisers that germinate quickly in response to disturbance 
(Baker 1965; Hobbs 1989; Burke and Grime 1996; Jesson et al. 2000), so this alone 
may be enough to increase the chances of invasion success. On the other hand, early 
germination has a number of inherent risks associated with it, such as germinating at a 
time or place when conditions are unfavourable, so any advantage is likely to be 
context-dependent. 
 
Seedling establishment 
Seedling establishment is the next critical phase in the process of regeneration from 
seed. A myriad of biotic and abiotic factors interact at this stage, so patterns of 
recruitment may vary considerably, both spatially and temporally (Burton and Bazzaz 
1991; Bazzaz and Wayne 1994; Shibata and Nakashizuka 1995; Houle 1998; Clark et 
al. 1998b; Kobe 1999; Rey and Alcàntara 2000; Hille Ris Lambers and Clark 2003). 
Rates of seedling mortality are usually high, so there can be significant selective 
pressures acting at this stage (Fenner 1987; Grime and Hillier 1992; Kitajima and 
Fenner 2000). Light quantity and quality, litter characteristics, soil moisture content, 
nutrient levels, herbivore and pathogen presence, seedling competition, and physical 
disturbance can all be important influences on seedling survival and establishment 
(De Steven 1991a; Schmitt and Wulff 1993; Tinoco-Ojanguren and Pearcy 1995; 
Davis et al. 1999; Milberg et al. 1999; Case and Crawley 2000; Jesson et al. 2000; 
Packer and Clay 2000; Drake and Pratt 2001; Dzwonko and Gawroński 2002). A 
break in the otherwise continuous canopy can change all these factors in ways that are 
beneficial to seedling establishment (Augspurger 1983b; Augspurger and Kelly 1984; 
Augspurger 1984a; Vitousek and Denslow 1986; Denslow 1987; Uhl et al. 1988; 
Braker and Chazdon 1992; Ballaré 1994; Wenny 2000), and in fact many species rely 
on canopy gaps for successful regeneration (Bazzaz and Pickett 1980; Vázquez-Yanes 
and Orozco-Segovia 1984; Brokaw 1985a; Popma et al. 1988).  
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Critical life-stages 
Overall patterns of regeneration are determined by the number and location of 
individuals surviving through the stages from seed arrival to germination to seedling 
survival. An integrated view of recruitment must consider each stage sequentially, and 
identify the factors and processes influencing survival at each stage. This helps to 
identify which life-stage transition is most critical to population growth. Several 
previous studies identify the most critical life stage for a particular species by 
pinpointing critical factors limiting population growth and estimating transition 
probabilities between life stages. For example, Traveset et al. (2003) found 
recruitment of the rare shrub Rhamnus ludovici-salvatoris to be most limited by post-
dispersal seed predation and water stress at the early seedling stage, but that transition 
probabilities varied according to microhabitat. Variation in transition probabilities 
according to microenvironment was also found by Jordano & Herrera (1995): 
recruitment of Phillyrea latifolia was limited at the seed stage in scrubland, but post-
germination events were more important in forest sites. Seedling mortality due to 
water stress had the greatest impact on recruitment of the shrub Olea europaea, (Rey 
and Alcàntara 2000), whereas post-germination processes were the critical stage for 
the herb Helleborus foetidus (Garrido et al. 2005). Schupp (1990) found that annual 
variation in recruitment could be largely explained by seed fall and seed predation, 
but that environmental conditions could modify that pattern. Recruitment dynamics 
are obviously highly complex and variable, both within and between species and 
environments, but all of these studies illustrate a critical stage of recruitment, and/or 
critical factors influencing survival, where mortality is high and few individuals make 
it to the next stage. This critical stage is essentially the “weak spot” of a species, and 
may, therefore, be an important focus of management efforts.  
 
Seedling growth and biomass allocation 
Seedlings that do survive the hazardous first year continue to face competition from 
other seedlings, and continue to be challenged by both biotic (e.g. herbivores and 
pathogens) and abiotic (e.g. water or light stress, nutrient deficiency) factors. Light 
conditions in particular can have a strong bearing on whether seedlings live or die—
indeed plant species are commonly classified according to the light environment they 
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regenerate in, for example pioneer vs non-pioneer, early-succession vs late-
succession, and shade-tolerant vs shade-intolerant species (e.g. Connell and Slatyer 
1977; Bazzaz 1979; Fenner 1987; Grubb 1987; Zangaro et al. 2003). Most species 
occur in a relatively restricted range of light conditions, but some cope with a broad 
range of light conditions, surviving in both high and low light environments (e.g. 
Kitajima 1994; Broncano et al. 1998; Poorter 1999). One of the ways plants achieve 
this is by increasing carbon allocation to the tissue-type (i.e. above- or below-ground 
tissue) required to capture limiting resources (Grime 1977). For example many 
species are able to increase leaf area in low-light environments, and/or increase root 
production in moisture- or nutrient-limited environments (e.g. Chapin 1991; King 
1991; Wang et al. 1994; Canham et al. 1996; Poorter and Nagel 2000; Ryser and Eek 
2000). Invasive species that can adjust patterns of biomass allocation in this way may 
be able to occupy a broader range of habitats than a less flexible species, and thus 
gain a competitive advantage.  
 
Photosynthesis and water use efficiency 
Invasive species may also gain a competitive advantage by being more efficient at 
photosynthesis. Plants with high photosynthetic capacity generally exhibit high rates 
of biomass accumulation and growth (Lambers and Poorter 1992), and this may 
enable them to out-compete slower-growing species (Grime and Hunt 1975). Specific 
leaf area (SLA, leaf area per unit leaf mass) also tends to be positively related to 
growth rate (Lambers and Poorter 1992; Reich et al. 1997), and has been shown in 
several cases to be higher in exotic species compared to natives (Jones and McLeod 
1990; Baruch and Goldstein 1999; Smith and Knapp 2001). However, both 
photosynthetic capacity and SLA vary according to environmental conditions 
(Boardman 1977; Givnish 1988), so species rankings may change with habitat (e.g. 
Walters and Reich 1996; Zipperlen and Press 1996; Agyeman et al. 1999). This is 
commonly seen in shade-tolerant versus shade-intolerant species; each is most 
efficient—and thus out-competes the other—in the light environment it is adapted to 
(Grime 1965). Other species may have a more flexible physiology, and can, therefore, 
acclimate to a broader range of light environments (e.g. Bazzaz and Carlson 1982; 
Strauss-Debenedetti and Bazzaz 1991; Valladares et al. 2000; Niinemets et al. 2003). 
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As is always the case, however, any strategy has its costs and associated tradeoffs, 
and a competitive advantage gained in one area may be lost in another.  
 
Differences in water-use efficiency (WUE, the ratio of carbon fixed per unit water 
transpired) can be another factor determining the outcome of inter-species 
competition. In order for plants to fix carbon, they must open their stomata and take in 
carbon dioxide. However, stomatal opening also results in an increase in transpiration, 
so there is a trade-off between the gain in CO2 and the loss of water (Cowan 1977; 
Cowan and Farquhar 1977). Plants that manage this trade-off most effectively may 
gain a competitive advantage, particularly when water is a limiting resource (Fischer 
and Turner 1978; Gordon et al. 1999). High WUE may be particularly advantageous 
in plants that photosynthesise rapidly, because of this associated water loss. The 
ability to maintain net carbon gain at low soil water availability has been shown, in 
some cases, to give invasive tree species an advantage over natives (e.g. Kloeppel and 
Abrams 1995; Stratton and Goldstein 2001).  
 
Aims and objectives of thesis 
This study examines various ecological traits of the invasive species Berberis 
darwinii and four co-occurring, ecologically-similar native species: Coprosma 
grandifolia (Rubiaceae), Melicytus ramiflorus (Violaceae), Pseudopanax arboreus 
(Araliaceae), and Schefflera digitata (Araliaceae). The aims of the study are to a) 
identify factors contributing to invasion success in B. darwinii, and b) determine 
whether B. darwinii has a critical life-stage during which weed control is likely to be 
most successful. In Chapter Two I examine patterns of seed dispersal and seed bank 
characteristics of B. darwinii, and compare seed viability, germination, and seedling 
establishment patterns of B. darwinii and the four native species. I also identify the 
critical life-stage for B. darwinii by comparing the number of individuals surviving 
thorough each stage: seed rain, seed bank, newly-germinated seedlings, and 5 month-
old seedlings. In Chapter Three I examine how patterns of biomass allocation and 
survival in B. darwinii seedlings vary according to light environments. And finally, in 
Chapter Four I compare leaf traits, water-use efficiency and photosynthetic responses 
to high and low irradiance in wild populations of B. darwinii and the four native 
species. Chapters are written as stand-alone papers so duplication in some instances is 
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unavoidable. In particular, environmental measures such as canopy cover, soil 
moisture, and litter depth are relevant to several experiments. 
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CHAPTER TWO. FACTORS CONTRIBUTING TO 
INVASION SUCCESS IN BERBERIS DARWINII: SEED 
DISPERSAL, GERMINATION, AND SEEDLING 
ESTABLISHMENT  
Abstract 
Seedling recruitment in plant populations is a multiphase, sequential process that has 
the potential to substantially affect community composition and dynamics. I examined 
recruitment patterns in the environmental weed Berberis darwinii in order to identify 
traits that may contribute to invasion success, and thus pinpoint critical stages for 
management. I measured the spatial patterns of seed rain generated by frugivorous 
birds, and compared them with seed bank densities, germination and subsequent 
seedling survival. To estimate the life of the seed bank, I tested seed longevity under 
both natural and artificial conditions. To compare germination and seedling survival 
of B. darwinii and four co-occurring native species, I sowed seeds in a range of 
natural light environments in the field. Seed dispersal was extremely widespread, with 
seeds regularly detected up to 450 m from the source population. Dispersal was 
essential to seedling establishment, as few seedlings survived beneath the parent 
canopy. While the number of dispersed seeds decreased according to the inverse 
power law with increasing distance from source population, there was also evidence 
that birds dispersed seeds disproportionately to favoured perch sites. Seed banks of B. 
darwinii were relatively short-lived under both field and glasshouse conditions, with 
few seeds surviving for more than one year. In the seed-sowing experiment, Berberis 
darwinii germinated successfully across all light environments, but seedling 
establishment was limited to high light environments. In natural populations, patterns 
of newly-emerged seedlings largely reflected patterns of seed rain, but seedling 
survival was significantly affected by distance from source population, seedling 
density, and by light environment. Native species germinated and survived most 
successfully in higher light environments, but at lower rates than B. darwinii. Many of 
the traits identified have the potential to contribute to invasion success, but the most 
vulnerable stage appears to be seedling establishment.  
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Introduction 
Seedling recruitment is a multi-faceted process ranging from seed production and 
dispersal, through to germination, seedling establishment and subsequent survival.  
The likelihood of a seed surviving through each stage may vary both spatially and 
temporally, and will depend on a multitude of factors (Augspurger 1983a; Schupp 
1988a; Lamont et al. 1993; Houle 1998). Accordingly, it can be difficult to “map” the 
recruitment process, and thus identify mechanisms underlying seedling establishment 
(but see Augspurger 1983b; Howe et al. 1985; Jordano and Herrera 1995; Dalling et 
al. 1998a; Clark et al. 1998b; Rey and Alcàntara 2000; Wenny 2000; Garrido et al. 
2005). Nevertheless, this information is a crucial component of population dynamics, 
and is particularly pertinent to the study of invasive species. Knowledge of where 
seedlings are likely to emerge and under what conditions they are most likely to 
survive and out-compete natives can be of considerable value to weed managers. 
 
The initial stage of seedling recruitment (following seed production) is seed dispersal. 
Seed dispersal has a major influence on recruitment because it determines the physical 
environment that seeds and seedlings experience, which in turn influences survival 
(Harper 1977; Schupp 1988a; Wenny 2001). It is of particular interest when 
examining the success of invasive species, because biological invasion often begins 
with seed dispersal (Hobbs 1989; Brothers and Spingarn 1992; Wiser et al. 1998; 
Parendes and Jones 2000; Richardson et al. 2000b). Weed species are frequently well-
adapted for the efficient dissemination of their seed (Amor and Piggin 1977; Glyphis 
et al. 1981; McEvoy and Cox 1987; Timmins and Williams 1987; Binggeli 1996), and 
dispersal by any vector (e.g. birds, mammals, wind, or water) can result in widespread 
and prolific seed-deposition, and thus enhance the chances of invasion success (Loyn 
and French 1991; Lonsdale 1993b; Cronk and Fuller 1995; Williams and Karl 1996; 
Panetta and McKee 1997; Richardson et al. 2000a; Allen and Lee 2001).  
 
Dispersal is generally considered an adaptation to increase the probability of survival 
of offspring, but causative factors can be difficult to identify. The three main 
hypotheses that seek to explain the selective advantage of dispersal are: i) escape from 
density-dependent competition and sources of parental-associated mortality (escape 
hypothesis: Janzen 1970; Connell 1971), ii) colonization of new sites that are 
 12
unpredictable in time and space (colonization hypothesis: Howe and Smallwood 
1982), and iii) dispersal to microsites particularly favourable for seedling 
establishment (directed dispersal hypothesis: Howe and Smallwood 1982; Howe 
1986; Bazzaz 1991). These hypotheses are not mutually exclusive, and all may apply 
with different degrees of importance in some situations (Howe and Smallwood 1982). 
Numerous studies provide evidence both for (e.g. Howe and Primack 1975; Platt 
1976; Salmonson 1978; Clark and Clark 1981; Howe et al. 1985; Coates-Estrada and 
Estrada 1988; Schupp 1988b; Harms et al. 2000), and against (e.g. Silander 1978; 
Hubbell 1979; Schupp 1988a; Houle 1992; Houle 1995; Houle 1998; Chauvet et al. 
2004) the escape and colonization hypotheses. However, it is often difficult to find 
support for one hypothesis over the other, and to identify causative factors (Howe 
1986). Furthermore, a complicating factor is that juveniles are often more likely to be 
found near parents than farther away, simply because so many more seeds fall near 
the parent (Hubbell 1979; Hubbell 1980; Russo and Augspurger 2004). 
 
The directed dispersal hypothesis has been less widely tested, but there is mounting 
evidence that some species of birds, mammals and ants deposit seeds non-randomly in 
microsites that favour germination and seedling survival in some way (Livingston 
1972; Stapanian and Smith 1978; Culver and Beattie 1980; Fleming and Heithaus 
1981; Davidar 1983; Debussche and Isenmann 1994; Wenny and Levey 1998). Birds, 
which are the dispersal agent of interest in this study, disperse seeds effectively when 
they consume and digest fruits in such a way that seed viability is retained, and 
deposit (by defecation) the seeds some distance from the parent plant. Most 
defecation occurs when birds are perched or immediately after they take off 
(McDonnell and Stiles 1983; Charles-Dominique 1986; Stiles and White 1986; 
Thomas et al. 1988; Gorchov et al. 1993), so patterns of seed deposition can be 
strongly clumped around favoured roosting sites such as trees, shrubs, and man-made 
structures (Glyphis et al. 1981; McDonnell and Stiles 1983; McDonnell 1986; 
Guevara and Laborde 1993; McClanahan and Wolfe 1993; Chavez-Ramirez and 
Slack 1994; Ferguson and Drake 1999; Toh et al. 1999; Dean and Milton 2000). 
There is also evidence for roost selection on the basis of nest-site availability 
(Schmidt and Whelan 1999; Kitamura et al. 2004), proximity to forest edge 
(Thompson and Willson 1978; Hoppes 1988; Restrepo et al. 1999), and fruit 
availability on both heterospecific and conspecific trees (Levey et al. 1984; Stiles and 
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White 1986; Bronstein and Hoffmann 1987; Murray 1988; Masaki et al. 1994; 
Slocum and Horvitz 2000). When seedling survival is higher at these sites than away 
from them, the directed dispersal hypothesis is supported.  
 
Following dispersal, seeds either germinate, die, or are incorporated into the soil seed 
bank where they can remain dormant for months, years, or even decades (Harper 
1977; Baker 1989; Thompson et al. 1997). Seed longevity in the soil is affected by the 
presence of seed predators, pathogens, and allelopathy (Augspurger 1983b; 
Augspurger 1984a; Louda 1989; Fenner 1994; Friedman 1994), and depends on 
temperature, soil moisture, seed condition, depth of seed burial, and the level of 
disturbance (Wilson 1988; Simpson et al. 1989; Bekker et al. 1998; Christian and 
Stanton 2004).  Germination from the seed bank is triggered when dormancy is 
broken by particular environmental cues, for example a change in day-length, light 
quality, temperature regime, water relations, and/or levels of oxygen, carbon-dioxide, 
or ethylene (Egley 1994; Baskin and Baskin 1998). The characteristics of the seed 
bank and the type of cue that triggers germination varies among species. 
 
Seed banks can be usefully classified into three broad groups (cf. Bakker et al. 1996): 
i) transient, where seeds persist in the soil for less than 1 year, often much less; ii) 
short-term persistent, where seeds persist for at least 1 year, and up to 5 years; and iii) 
long-term persistent, where seeds persist for more than 5 years. Species with transient 
seed banks tend to be found in environments that provide regular, predictable 
regeneration opportunities (Thompson and Grime 1979). In contrast, persistent seed 
banks are often found where environmental conditions are ephemeral or unpredictable 
and thus the probability of seedling success is low (Harper 1977; Silvertown 1982; 
Parker et al. 1989). Many invasive species are early colonizers associated with such 
ephemeral or unpredictable environments (Hobbs and Huenneke 1992; Rejmánek 
1995), but not all have persistent seed banks (Timmins and Williams 1987; Clement 
and Foster 1994). The life of the seed bank has important implications for the 
management of invasive species, because eradication programmes have to continue 
for at least as long as the life of the seed bank if they are to succeed (Panetta 2004; 
Panetta and Timmins 2004). 
 
 14
The impact of seed dispersal on seedling recruitment is often poorly understood. As 
mentioned above, the pattern of seed dispersal provides the starting point from which 
subsequent germination and seedling survival takes place. However, seed and 
seedling survival are influenced by a virtually infinite array of ecological variables 
(Harper 1977; Howe 1989), and sites favourable for germination are not necessarily 
favourable for seedling establishment (Jordano and Herrera 1995; Schupp 1995; 
Schupp and Fuentes 1995; Rey and Alcàntara 2000; Figueroa and Lusk 2001). By 
comparing the spatial pattern of the seed rain with emerging seedlings and, later, with 
surviving seedlings, one can begin to determine the environmental factors influencing 
final recruitment patterns. For example, Houle (1996) found that the spatial pattern of 
seeds in the seed bank and that of emerging seedlings were not related to one another 
for either of two herbaceous species studied, and concluded that spatial patterns of 
recruitment were largely determined by factors influencing mortality at the 
germination stage. In a similar study of a shrub species, Rey and Alcàntara (2000) 
found that frugivore-generated dispersal patterns differed from the final pattern of 
recruitment because water-stress caused high mortality at the seedling stage. Such 
information is useful to managers of both invasive and threatened species, because it 
identifies both the strengths and weaknesses of a population. 
 
The focus of this study is an important environmental weed in New Zealand: Berberis 
darwinii Hook. (Berberidaceae) (Darwin’s barberry).  Berberis darwinii is a woody, 
evergreen, bird-dispersed shrub that grows to approximately 4 m high, native to 
southern Chile and Argentina. Initially brought to New Zealand as an attractive 
garden plant, it was first recorded as naturalized in 1946 (Sykes 1982). It has since 
invaded many vegetation types throughout the country, including remnant forest 
stands, scrub, and along roadsides (Webb et al. 1988), but little is known of its seed 
and seedling ecology. In general, B. darwinii flowers in spring (Aug-Nov) and fruits 
in summer (Dec-Feb) in New Zealand, although both fruits and flowers can be found 
on plants almost year-round (Webb et al. 1988, pers. obs.). Seed germination occurs 
in the spring following dispersal (Allen and Wilson 1992). Anecdotal evidence 
suggests that it has a transient seed bank, but this has not been tested. It is also widely 
assumed that, since adult plants are shade tolerant, seedlings will be too, but in fact B. 
darwinii is a species of disturbed forest habitats in its native range (Landrum 1999), 
so this may not be true. In any case, it seems likely that light environment will be a 
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significant factor influencing germination and seedling success. Berberis darwinii is 
dispersed by many species of birds in New Zealand, including silvereye (Zosterops 
lateralis), blackbird (Turdus merula), song thrush (Turdus philomelos), and the native 
wood pigeon (Hemiphaga novaeseelandiae) (Allen and Lee 1992; Williams and Karl 
1996). Flocks of silvereyes, in particular, which are known to be effective seed 
dispersers (Stansbury 2001; Stanley and Lill 2002) were regularly seen feeding on B. 
darwinii fruits during the course of this study (pers. obs.). In order to understand the 
seed and seedling ecology of B. darwinii, and to identify possible reasons for its 
invasion success, I conducted a series of experiments designed to answer the 
following questions:  
 
i) How does B. darwinii compare to ecologically similar native species in 
terms of seed viability, germination, and seedling establishment?  
ii) What are the temporal and spatial patterns of B. darwinii seed dispersal, 
and how do they relate to patterns of seedling establishment? 
iii) What are the transition probabilities of survival of B. darwinii individuals 
through the life stages from seed rain to seed bank to seedling?  
 
Four common native species were chosen in order to answer the first question: 
Coprosma grandifolia (Rubiaceae), Melicytus ramiflorus (Violaceae), Pseudopanax 
arboreus (Araliaceae), and Schefflera digitata (Araliaceae). These species are all 
woody, bird-dispersed species, potentially capable of establishing and persisting in the 
shade but also common in high light areas. As such, they are ecologically similar to B. 
darwinii, and so may be the species most at risk of displacement.  
 
I chose two tree species to test the directed dispersal hypothesis: Elaeocarpus 
dentatus (hinau) and Fuchsia excorticata (Fuchsia). The hinau trees at KWS extend 
above the general forest canopy and have an open branching structure that may offer a 
readily accessible perch site to birds. However, environmental conditions beneath 
hinau trees are unlikely to differ from the rest of the vegetation, so I did not expect 
any significant variation in seedling survival beneath hinau trees. Fuchsia and B. 
darwinii fruit concurrently, at a time that is earlier than most other species, so feeding 
frugivores may be moving—and thus dispersing seeds—between the two species.  
Fuchsia is one of the few semi-deciduous species in the largely-evergreen New 
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Zealand native forest, so the reduction in canopy cover during autumn and winter may 
be more favourable for seedling survival.  
 
Methods 
Study site 
I conducted this study within the Karori Wildlife Sanctuary (KWS), a 249 ha 
ecological restoration site in Wellington, New Zealand (41° 18.3’ S, 174° 44.8’ E). 
Mean annual rainfall is 1235 mm, and mean annual temperature is 12.8˚C (16.9 mid-
summer and 8.8 mid-winter) (Greater Wellington Regional Council 2005; National 
Institute of Water and Atmospheric Research 2005). The predominant vegetation is 
regenerating native podocarp/broadleaf forest, with remnant pockets of planted Pinus 
radiata and other exotic species. Berberis darwinii dominates the western hills 
adjacent to the KWS, and this is considered the ‘source population’ for this study.   
All experiments were conducted at various sites within the KWS (see Fig. 2.1). 
Berberis darwinii seed dispersal was measured at ten sites increasing in distance 
(from 0 to 450 m) from the source population. Sampling stations were set up at four 
of these sites (0, 25, 250, and 450 m), where, in addition to seed dispersal, seed bank 
density and natural seedling establishment were measured. Dispersal was also 
measured at sites within the surrounding native forest population where either of the 
native species Elaeocarpus dentatus (hinau) or Fuchsia excorticata (Fuchsia) were 
present. 
 
To examine germination and seedling establishment I chose five types of sites based 
on differences in canopy openness: full sun, edge, understorey, sycamore, and deep 
shade (Fig. 2.1 and Fig. 2.2).  Full sun sites were located near the centre of artificial 
treefall gaps. These gaps were created in 1999 when three to four Pinus radiata trees 
amongst the native forest were felled within as part of the ecological restoration plan 
at KWS. Gaps were approximately 200 m2 in size, and were surrounded by 
regenerating evergreen/broadleaf native forest. Edge sites were located within 5 m of 
the sunniest edge (approximately north-facing) of these treefall gaps. Understorey 
sites were located in areas of undisturbed canopy between gaps. Sycamore sites were 
located within mature stands of the exotic species Acer pseudoplatanus (sycamore). 
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Sycamore is deciduous, so these sites will also be more seasonally variable compared 
to the evergreen sites in terms of litter depth, soil moisture, and light levels. Deep 
shade sites were located in the darkest accessible area of KWS, beneath tall native 
forest, close to the side of a hill. Three replicates of each type of site were located, 
giving a total of 15 sites. Because the sycamore and deep shade light environments 
were restricted to relatively small areas within the KWS (see Fig. 2.1), these sites may 
present a problem of pseudoreplication (Hurlbert 1984). Two of the sycamore sites 
were approximately 100 m apart, and the third was 500 m away (sites in Fig 2.1 are 
not to scale). Similarly, two of the replicate deep shade sites were within 50 m of each 
other, and the third was 400 m away. Accordingly, results are interpreted—and 
extrapolated—cautiously. 
 
Environmental measures 
In order to establish the influence of environmental conditions on seed germination 
and subsequent seedling survival (and on growth and biomass allocation—see chapter 
three), I measured canopy openness, soil moisture, and litter depth at the microsites 
where seeds were sown (see below). To quantify percent canopy openness at each 
microsite I used hemispherical photography and Gap Light Analyzer (GLA) software. 
I photographed the canopy directly above each microsite using a Sigma fish-eye lens 
with a 180° field of view. I scanned the photos and transformed them into digital 
images, then analysed them with GLA software (Frazer et al. 1999). High mortality of 
seedlings in the sycamore and deep shade light environments meant that seedlings 
were harvested from outside prepared microsites, so hemispherical photographs were 
not directly attributable to particular seedlings. In these cases I averaged percent 
canopy openness over the three microsites in each site. Canopy cover in both 
sycamore and deep shade sites was uniform, so variability between sites was likely to 
be minimal. In order to capture the spring/summer light environment that seedlings 
experienced for the duration of this experiment I photographed the deciduous 
sycamore sites in January 2002. Timing was less important for the relatively stable 
canopy composition of the evergreen forest sites, so I photographed them in August 
2001.  
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I also measured canopy openness at the sampling stations established at 0 m, 25 m, 
250 m, and 450 m from the source B. darwinii population, but using a different 
method due to the difficult terrain. I quantified the degree of canopy cover at these 
microsites using a crown densiometer (Forestry Suppliers, USA). This instrument is 
comprised of a spherical, convex mirror which reflects a large overhead area. A grid 
etched into the mirror is used to estimate the percentage of this overhead area covered 
by forest canopy  (Lemmon 1957). I measured percent open sky overhead to the 
north, south, east and west and took the average of these four values. I took the 
readings from 10 cm directly above each microsite. 
 
I measured soil moisture levels on an overcast day in August 2001 using a Lincoln 
soil moisture meter. In order to get an average moisture level reading for each 
microsite, I inserted the moisture-sensitive probe of 3 cm into the soil in each corner 
of each microsite. Levels of soil moisture are likely to vary throughout the year, but it 
is expected that the different sites are likely to vary in a similar way—except for the 
deciduous sycamore sites, which probably have deeper litter and thus higher soil 
moisture in winter compared to the other sites. To measure litter depth, I counted the 
number of leaves pierced by a knife stabbed into the litter just outside each corner of 
each microsite, and averaged values for each light environment.  
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Fig. 2.1. Map of study site (Karori Wildlife Sanctuary) and sampling locations. Gap, 
sycamore, and deep shade sites are associated with the seed sowing experiment. 
Within each gap site are the full sun, edge, and nearby understorey plots (see Fig. 
2.2), which combine with plots at the sycamore and deep shade sites to comprise the 
five light environments. Seed trap transects indicate sites at -10, 0, 10, 25, 50, 100, 
150, 250, 350, and 450 m away from the edge of the source population of Berberis 
darwinii, where seed dispersal was measured. Sampling stations are located at the 0, 
25, 250, and 450 m sites where seed rain, seed bank and natural seedling 
establishment was measured. Directed seed dispersal was measured at each hinau and 
Fuchsia site, and at paired non-hinau and non-Fuchsia sites a minimum of 20 m away 
(not shown on map). Map used with permission from Karori Wildlife Sanctuary.
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Fig. 2.2. Layout of full sun, edge, and understorey plots around each of the three 
treefall gaps. Detail indicates the layout of 20 cm x 20 cm cells within each plot 
where seeds of the five study species were sown (species 6 is not included in this 
thesis). Three plots, with the same cell layout, were also established in each of the 
three sycamore and three deep shade sites (see Fig. 2.1). This makes a total of three 
replicate sites of each of the five light environments (full sun, edge, understorey, 
sycamore, and deep shade), with three replicate plots within each site.  
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 Seed dispersal 
Dispersal with increasing distance from source population (B. darwinii only) 
One hundred seed traps were laid out (and partially buried for stability) in groups of 
ten at sites beneath and leading away from the source B. darwinii population (see Fig. 
2.1) for two consecutive summers: 2000-01 and 2001-02. The first group of ten seed 
traps was distributed randomly beneath the B. darwinii canopy. The second group of 
ten seed traps was spaced along 30 m of the edge of the source population. The 
remaining 8 groups of ten seed traps were laid out in lines approximately parallel to 
the canopy edge, one group of ten per distance from the edge: 10 m, 25 m, 50 m, 100 
m, 150 m, 250 m, 350 m, and 450 m. In all cases, seed traps were placed a minimum 
of 3 m apart. 
 
The seed traps were made from plastic flower pots 15 cm high with a diameter of 20 
cm. The base of each pot was replaced with a cotton liner for seed collection. Each 
seed trap sampled an area of 0.0314 m2, so I multiplied the number of seeds per trap 
by 31.847 (1/0.0314) to get seed rain density per m2. This was averaged across all 
replicates. The total area sampled by 100 seed traps was 3.14 m2. The seed traps were 
set out in November 2000 and 2001 when fruits were beginning to mature. Liners 
were collected and replaced monthly until the end of the fruiting season (March 2001 
and February 2002). Clean seeds that were not contained within an intact fruit were 
counted as dispersed, while seeds that were still contained within an intact fruit were 
counted as gravity-dispersed. 
 
Directed seed dispersal (B. darwinii only) 
I measured B. darwinii seed rain beneath and away from hinau trees during the spring 
and summer of 2001-2002. One hundred seed traps were positioned beneath the intact 
forest canopy: ten directly beneath each of five hinau trees scattered throughout the 
KWS (hinau sites—see Fig. 2.1), and ten in each of five areas of medium height 
forest, at least 20 m away from any hinau tree (non-hinau sites—not shown in Fig. 
2.1). The seed traps were set out in October 2001 when fruits were beginning to 
mature. Liners were collected and replaced monthly until the end of the fruiting 
 22
season in March 2002. Scattered, lone B. darwinii plants occur throughout KWS, but 
the source population was at least 500 m away from the directed dispersal seed traps. 
No mature plants occurred within 50 m of any one seed trap, so all seeds caught by 
these traps were assumed to be dispersed by birds. All seeds caught by these traps 
were clean and free of fleshy fruit, confirming this assumption.  
 
I also used the presence of naturally-ocurring B. darwinii seedlings beneath mature 
hinau and Fuchsia trees as an additional indicator of directed seed dispersal. This 
method assumes that all seeds germinate wherever they land, regardless of 
environmental conditions. Germination experiments will confirm whether this is the 
case for B. darwinii.  Newly emerged seedlings were easily distinguished from older 
seedlings by the presence of healthy cotyledons and the absence of woody tissue. In 
September 2001, one hundred 0.25m2 quadrats were surveyed for newly-emerged 
seedlings: ten at each of the five hinau sites, and ten at each of the five non-hinau 
sites. I repeated this experiment in the following year (September 2002), but this time 
at the Fuchsia and non- Fuchsia sites (see Fig. 2.1).  
 
Predation of dispersed B. darwinii seeds 
Within the KWS, mice and weta are potential predators of B. darwinii seeds (rats have 
been eradicated). To estimate the level of predation on B. darwinii seeds, three intact 
fruits were placed in two of the seed traps at each group of ten—not including the sets 
beneath the canopy and at the edge of the B. darwinii population. These sets were 
excluded because traps beneath and near the B. darwinii canopy would likely receive 
significant amounts of naturally-fallen fruits, thereby making it difficult monitor 
artificially-placed fruits. Fruits were set out in December and February, and checked 
for presence and/or damage the following month.  
 
Seed viability and longevity 
Seed viability (all species) 
Seeds were sown in a glasshouse in order to calculate percent viability of the seeds of 
each species. Seeds were collected during the peak fruiting period of each species 
(April for S. digitata, February–March for all other species), fruit pulp was removed, 
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and the seeds were air-dried for 3–7 days. Seed size is indicated by the length of the 
longest axis: B. darwinii 2-4 mm, C. grandifolia 5.0-7.5 mm, M. ramiflorus 1.5-2.4 
mm, S. digitata 2.0-2.5 mm, P. arboreus 2.9-4.5 mm (B. darwinii measured by 
author, data for natives sourced from Webb and Simpson (2001)). The number of 
seeds sown varied among species due to differences in seed availability and/or size. 
Four replicates of either 20 (B. darwinii and C. grandifolia) or 25 (M. ramiflorus, S. 
digitata, and P. arboreus) seeds were sown onto standard potting mix in 115 x 165 x 
65 mm plastic trays, randomised within a neutrally shaded glasshouse, and kept moist 
with frequent watering. Seedlings were counted, then removed, for as long as they 
continued to emerge. 
 
As a further examination of B. darwinii viability, 4 replicates of 20 seeds were sown 
each month for four months following collection of seeds from seed traps in Year 1, 
giving a total of 16 replicates of 20 seeds sown. Percent viability of B. darwinii was 
thus calculated on 16 replicates of 20 seeds, whereas viability of the other four species 
was calculated on 4 replicates of either 20 or 25 seeds. In addition, in May 2002, 3 
replicates of 50 B. darwinii seeds that had been kept in dry storage for 16 months 
were sown to estimate their viability. In order to examine whether B. darwinii is 
capable of germinating from intact fruits, three replicate trays, each containing 10 
fruits on a layer of potting mix, were placed in the glasshouse and monitored for one 
year.  
 
Artificially buried seeds (B. darwinii only) 
B. darwinii fruits were collected in January 2001. Fruit pulp was removed, and the 
seeds were left to air-dry for 3–7 days. Twenty-five seeds were placed in each of 44 
small mesh bags made from 15 denier black nylon stockings. The bags of seeds were 
distributed evenly between four sites beneath the intact forest canopy at KWS, where 
they were buried in the soil to a depth of approximately 5 cm. One bag from each site 
was retrieved every 3 months from May 2001 until February 2002, and then again 6 
months later in August 2002. Once retrieved, seeds from each bag were sown onto 3 
cm of vermiculite, and kept moist in the greenhouse. Four replicates of 25 seeds were 
also sown fresh in January 2001. Germination was monitored for two germination 
seasons (spring-summer) following seed sowing. 
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 Natural seed bank (B. darwinii only) 
The density of B. darwinii seeds in the seed bank was measured by taking a soil core 
from each of 40 sampling stations, at three-monthly intervals from March 2001 to 
March 2002. Ten sampling stations were established at each of four sites increasing in 
distance from the main B. darwinii population: ten directly beneath the canopy (0 m), 
and ten each at distances of 25 m, 250 m, and 450 m away from the population (see 
Fig. 2.1).  The ten sampling stations located directly beneath the canopy were 
scattered randomly within the population, and the other three sets of ten sampling 
stations were established along transects parallel to the edge of the B. darwinii 
population. All sampling stations were a minimum of 3 m apart. Soil cores were 
cylindrical, 5 cm in diameter and 5 cm high, giving a total area sampled per core of 
0.00196 m2. I multiplied the number of seeds per core by 510.204 (1/0.00196) to get 
seed bank density per m2. This was averaged across all replicates. The total area 
sampled by 40 seed cores was 0.08 m2. Core samples included the litter layer plus the 
top 5 cm of mineral soil. Samples were sieved through 10 mm mesh to remove stones 
and large roots, then spread out to a depth of 3–5 mm in seedling trays containing a 
layer of peat. Trays were kept moist and exposed to natural day lengths in a light, 
neutrally shaded glasshouse. Control trays of sterile soil were used to monitor 
contamination by seed present within the glasshouse. Berberis darwinii seedlings 
were counted and removed as they emerged. The first soil cores were taken at the end 
of the fruiting season, in March 2001. Sites were then covered with untreated cotton 
material to prevent any further seed input. Samples were last checked for germinated 
seedlings in January 2003.  
 
Germination and seedling survival 
Seeds sown (all species) 
To examine germination and seedling establishment in the field I sowed seeds in the 
15 sites differing in light environment: full sun, edge, understorey, sycamore, and 
deep shade (three replicates per light environment, giving a total of 15 sites) (see Fig. 
2.1). At each of the 15 sites, three replicate plots of approximately 1 m2 were cleared 
of plants, litter, and other debris, then levelled, and covered with 1 cm of forest soil 
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that had been heat-sterilised to kill any resident seeds. At each plot I sowed the seeds 
of the five study species, which had been collected from within and around the KWS 
in February and March 2001 (except Schefflera digitata, which was collected in 
April), cleaned of fruit flesh and stored dry until required. Seeds were sown in March 
2001, except for seeds of Schefflera digitata, which were sown in May. Within each 
plot, one hundred seeds of each species were sown onto a randomly allocated, 20 x 20 
cm cell, except for the larger-seeded Coprosma grandifolia, of which 50 seeds were 
sown per cell (see Fig. 2.2). An empty cell (also 20 x 20 cm) was left between each 
species to facilitate recovery (see Fig. 2.2). This gave a total of 4500 seeds sown for 
each of B. darwinii, Melicytus ramiflorus, Pseudopanax arboreus, and Schefflera 
digitata, and 2250 for Coprosma grandifolia.  A single layer of homogenised 
broadleaf litter, collected from within the KWS, was then placed on top of the seeds 
in an attempt to replicate the environmental conditions that naturally-dispersed seeds 
would experience. A sheet of metal mesh with 1 cm2 apertures was placed directly on 
top of each plot to prevent birds from scratching and displacing seeds. This mesh was 
removed in July 2001 to avoid damage to the seedlings. Ten cells became 
overcrowded, so I thinned seedlings to allow a minimum of 4 cm between any two 
plants. These ten cells were excluded from survival analyses. 
 
Seedlings were counted in November 2001 to estimate percent germination. Seedlings 
were counted again in March 2003 to calculate percent survival. To account for 
naturally dispersed seeds, germination data were adjusted according to the number of 
seedlings that appeared in the nine cells outside each species’ designated sub-plot: Gf 
= Gd – Go/9; where Gf = final germination, Gd = number of germinated seeds in 
species’ designated cell, Go = total seeds germinated in nine other cell. These 
adjustments had little impact on final germination percentages. Cells where there were 
no seedlings present for the initial count were excluded from survival analyses. 
 
Natural seedling establishment (B. darwinii only) 
Natural seedling emergence and survival was monitored for two seasons in 40 x 0.25 
m2 quadrats—one at each of the 40 sampling stations (see above). Quadrats were 
established within the sampling stations in the nearest suitable site adjacent to seed 
bank sampling sites. Where seed bank sampling stations were not suitable, for 
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example because of steep terrain or the presence of a tree trunk, quadrats were 
established in random directions from the sampling stations, a minimum of 3 m apart. 
I counted the emerging seedlings after the peak germination period for each year 
(November), then counted and removed the number remaining 5 months later. I 
multiplied the number of seedlings per quadrat by 4 (1/0.25) to get seedling density 
per m2.  This was averaged across all replicates. 
 
Transition between life-stages 
I used the seed dispersal, seed bank density, and natural seedling establishment data 
collected from the ten sampling stations located directly beneath the Berberis darwinii 
canopy to calculate the transition ratios through the different life stages: seed rain → 
seed bank → newly germinated seedlings. I used these sampling stations because they 
were the most densely-populated sites, and thus were less variable than the sites at 
25m, 250m, and 450m from the Berberis darwinii canopy. The seed rain data was 
collected in summer, and the seed bank and seedling data was collected the following 
spring, when germination occurred. I calculated the ratios between life-stages (seed 
rain:seed bank, seed bank:seedling, and seed rain:seedling) by dividing the number of 
individuals per m2 in the prior stage by the number in the subsequent life-stage. I 
measured the seed bank in Year 1 only, so the seed rain:seed bank and seed 
bank:seedling ratios could be calculated for Year 1 only. 
 
Statistics 
I analysed the data using S-Plus 4 (Mathsoft 1997) and SigmaStat 3.1 (SPSS 2004) 
statistical software.  
 
Environmental measures 
To examine differences in environmental measures (canopy openness, litter depth, 
and soil moisture) at seed-sowing sites (full sun, edge, understorey, sycamore, and 
deep shade), I used one-way ANOVA with site as predictor and environmental 
measures as predictors, followed by multiple pairwise comparisons. Litter depth data 
were log-transformed to meet model assumptions. To examine differences in canopy 
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openness at sampling stations (0 m, 25 m, 250 m, and 450 m from B. darwinii 
population), I used one-way ANOVA with site as predictor and canopy openness as 
response variable, followed by multiple pairwise comparisons.  P-values of all post-
hoc pairwise multiple comparisons are Bonferroni-corrected (multiplied by the 
number of tests done). For all ANOVA analyses and pairwise multiple comparisons, 
results in which P <0.05 are reported as significant. 
 
Dispersal with increasing distance from source population 
In order to describe the seed dispersal curves for each year, I fitted two 
phenomenological models to the data using least squares regression: the negative 
exponential (linear in a semi-log plot), and inverse power law (linear in a log-log 
plot). To examine differences in the number of seeds dispersed to sites increasing in 
distance from the B. darwinii population, in two successive years, I used two-way 
ANOVA with site and year as predictors and the number of seeds dispersed as 
response variable.  
 
Directed dispersal 
To compare the number of seeds dispersed to hinau sites with the number of seeds 
dispersed to non-hinau sites, I used one-way ANOVA with site (hinau and non-hinau) 
as predictor and the number of seeds dispersed as response variable. To compare the 
number of seedlings at hinau/Fuchsia sites with the number of seedlings at non-
hinau/non-Fuchsia in spring and summer, I used two-way ANOVA with site (hinau/ 
Fuchsia and non-hinau/non- Fuchsia) and date (spring and summer) as predictors and 
the number of seedlings as the response variable, followed by multiple pairwise 
comparisons. 
 
Seed viability 
I used one-way ANOVA to compare seed viability of the five study species, with 
percent germination as the response variable, and species as the predictor.  
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Germination and seedling survival 
In the seed-sowing experiment, I used linear mixed effects models to examine the 
effect of location (within a gap, sycamore, or deep shade location within the KWS – 
see Fig. 2.1) (random effect), site (i.e. replicates of light environment), canopy 
openness, litter depth, and soil moisture (fixed effects) on germination and 18-month 
seedling survival.  
 
I examined factors influencing survival of naturally-occurring seedlings in two 
ways—both using generalised linear models. Firstly, I tested the effect of seedling 
density, year, canopy openness, and dispersal distance (predictors) on seedling 
survival (response variable) of two seedling cohorts (i.e. in two different years). I also 
added seedling density2 and canopy openness2 as predictors to check for any non-
linear responses. The order in which predictors are added to the model is important, 
because they are considered in a stepwise fashion: the variance explained by any one 
predictor depends on how much variance has already been explained by higher-order 
predictors. The most conservative approach is to add the predictor of most interest 
last, because that indicates how much remaining variance is explained by that 
predictor. The effect of distance from source population was the predictor of most 
interest, since I was testing the escape hypothesis, so I added it to the model last. Non-
significant interactions were removed by stepwise removal (none were significant).  
 
Secondly, I tested the effect of seed rain density, seed bank density, seedling density, 
canopy openness, and distance (predictors) on seedling survival (response variable) of 
one seedling cohort (since seed bank was only measured in one year). Again, the 
effect of distance was the variable of most interest, so I added it to the model last. I 
also added seed rain density2, seed bank density2, seedling density2, and canopy 
openness2 as predictors to check for any non-linear responses. Non-significant 
interactions were removed by stepwise removal (none were significant).  
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Results 
Environmental measures 
There were significant differences (P<0.001 in all cases) between light environments 
for canopy openness, soil moisture, and litter depth at microsites where seeds were 
sown (Table 2.1, Fig. 2.3). As expected, percent canopy openness was highest in the 
full sun sites, and lowest in the sycamore and deep shade sites, with intermediate 
values in the other two sites (Fig. 2.3a). Litter depth was more variable, but was 
shallowest in the full sun sites (Fig. 2.3b). Soil moisture was significantly lower in the 
full sun sites, but was similar in all other light environments (Fig. 2.3c). 
 
While sampling stations were selected solely on the basis of distance from source 
population, there were significant differences in canopy cover between them (Table 
2.1, Fig. 2.4). Canopy cover was highest at sites at 0 m and 450 m from the source 
population, and lowest at 25 m and 250 m sites (Fig. 2.4). 
 
 
 
 
Table 2.1. Analysis of variance of response variables canopy openness, litter depth, 
and soil moisture in different sites. Sampling station sites are defined by distance to 
Berberis darwinii population, and seed-sowing sites are defined by light environment 
(see methods). Summary table indicates degrees of freedom (df), sum of squares (SS), 
variance ratios (F), and P-values (P). 
 
 
Environmental measure 
 
df SS
 
F P
  
Canopy openness  
Sampling station site 3 1093.40 10.14 <0.001
Residual 36  
  
Seed-sowing site 4 8293.42 74.05 <0.001
Residual 40  
  
Litter depth  
Seed-sowing site 4 8.31 89.71 <0.001
Residual 40  
  
Soil moisture  
Seed-sowing site 4 54.35 8.30 <0.001
Residual 40  
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Fig. 2.3. Boxplots of a) canopy openness, b) litter depth, and c) soil moisture in different
light environments. The line within the box-plots indicates the median value, the lower and
upper side of the box the 25th and 75th percentiles, and the error bars the 10th and 90th 
percentiles. Within each graph, boxes that share the same letter are not significantly 
different from each other (P<0.05). See methods section for details on how each variable
was measured. 
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Fig. 2.4. Boxplots of canopy openness at sampling stations located at increasing
distance from source Berberis darwinii population (n = 10 x 0.25m2 per distance).
The line within box-plots indicates the median value, the lower and upper side of the
box the 25th and 75th percentiles, and the error bars the 10th and 90th percentiles.
Boxes that share the same letter are not significantly different from each other
(P<0.05).
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 Seed dispersal 
Dispersal from canopy edge (B. darwinii only) 
The amount of seed dispersed differed by distance from source population and by 
year (Fig. 2.5, Table 2.2). There was also an interaction between distance and year 
(Table 2.2), likely because more seeds were dispersed to middle-distance sites (10-
150 m) in year 1 (Fig. 2.5). While seed production was higher in Year 1 than Year 2, a 
greater proportion of the total seeds was dispersed by birds in Year 2 (Fig. 2.5). A 
total of 6814 seeds were collected from seed traps in Year 1, and 1466 in Year 2. Out 
of these totals, 21.2% of seeds collected had been dispersed by birds in Year 1, and 
29.7% in Year 2 (the remainder being gravity-dispersed) (Fig 2.5). Fruiting peaked in 
January in both years, but length of the season varied, with seeds being dispersed 
from December until March in Year 1, and from December to February in Year 2 (Fig 
2.6). However, the shape of the dispersal curve was similar for both years, with 92% 
of seeds falling directly beneath, or at the edge of, the source canopy, 6-7% dispersed 
within 100m from the source, and the remaining 3-4% being dispersed up to 450m 
away (Fig 2.5). When only bird-dispersed seeds are considered, these percentages 
change to 65-76% of seeds landing directly beneath, or at the edge of, the source 
canopy, 23-29% dispersed within 100m from the source, and the remaining 1-5% 
being dispersed up to 450m away. The dispersal data were best explained by an 
inverse power law model (r2 = 0.76 in Year 1, r2 =0.59 in Year 2), which indicates a 
steep drop off in the curve near the source, but a more gradual drop off in the tail, 
compared to the negative exponential model (r2 = 0.56 in Year 1, r2 =0.24 in Year 2).  
 
Entire fruits were only encountered in seed traps located directly beneath and at the 
edge of the canopy—except for three occasions when single fruits were found in 
remote seed traps (50m, 100m and 450m away from the B. darwinii patch). I counted 
these seeds as bird-dispersed, as it seems unlikely that the fruits arrived in the seed 
traps any other way. The number of seeds per B. darwinii fruit ranged from 1–13, but 
55% of fruits contained 5, 6, or 7 seeds, and 97% contained 1–8 seeds.   
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Fig. 2.5. Total number of Berberis darwinii seeds dispersed to ten sites
increasing in distance from the source population over two fruiting seasons.
Grey bars indicate gravity-dispersed seeds (still contained within a fruit), and
black bars indicate bird-dispersed seeds (completely free of fruit pulp). Note
y-axis is on a log scale.
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Fig. 2.6. Average number of Berberis darwinii seeds dispersed per m2, per month,
to ten sites increasing in distance from the source population over two fruiting
seasons. Totals include both gravity- and bird-dispersed seed. Error bars are + 1
s.e. of the mean.
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Table 2.2. Analysis of variance of Berberis darwinii seed dispersal by distance from 
source population and by year. Summary table indicates degrees of freedom (df), 
deviance (dev), variance ratios (F), and P-values (P). 
 
 
Seed dispersal 
 
df dev
 
F P
  
Distance 9 266.72 42.88 <0.001
Year 1 37.97 54.93 <0.001
Distance x Year 9 20.71 3.33 <0.001
Residuals 199  
 
 
 
Directed seed dispersal (B. darwinii only) 
There was no significant difference detected (P=0.810) between the number of seeds 
dispersed to hinau sites compared to non-hinau sites. From the 100 seed traps, 11 
seeds were captured at hinau sites, and 9 seeds at non-hinau sites. There was also no 
significant difference in the number of seedlings at hinau sites compared to non-hinau 
sites, both initially (P=0.294), and 5 months later (P=0.237) (Fig. 2.7). The number of 
seedlings present is assumed to be a valid prediction of the number of seeds present, 
since Berberis darwinii seeds germinate successfully regardless of environmental 
conditions (see germination section below). There was a significant difference 
(P<0.001) in the number of newly-germinated seedlings present at Fuchsia sites 
compared to non- Fuchsia sites, but five months later there was no significant 
difference detected (P=0.169) in the number of seedlings at Fuchsia sites compared to 
non- Fuchsia sites (Fig. 2.7). 
 
Predation of dispersed B. darwinii seeds 
Fruits set out to monitor predation were not damaged at all, so seed loss to predation 
within KWS is assumed to be minimal (although this may be different at sites where 
rats are not excluded). It is possible that the seed traps deterred the mice, but weta 
were frequently observed inhabiting them.  
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Fig. 2.7. Berberis darwinii seedling emergence beneath hinau/Fuchsia trees and
beneath canopy that does not include hinau/Fuchsia trees. Seedling emergence
was measured in spring and summer over two years: Sept 2001 and Feb 2002 for 
hinau and Oct 2002 and Mar 2003 for Fuchsia. n = 50 quadrats in both
hinau/Fuchsia and non-hinau/Fuchsia sites (one quadrat = 0.25m2). Within each
season, bars that share the same letter are not significantly different from each other
(P<0.05). Error bars + 1 s.e. of the mean.
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 Seed viability and longevity 
Seed viability (all species) 
For all species, the majority of seeds germinated in the first spring (September to 
November) following seed production. Seed viability was similar among all species 
(values indicated are means + 1se): Berberis darwinii (70 + 2.9%), Coprosma 
grandifolia (60 + 4.6%), Melicytus ramiflorus (71 + 4.1%), Pseudopanax arboreus 
(75 + 1.0%), and Schefflera digitata (60 + 7.1%). There was no significant difference 
between these values (df=4, SS=843.20, F=1.889, P=0.165). Seeds of B. darwinii are 
capable of germinating from within intact fruits:  between 1 and 6 seeds germinated 
from one third of the fruits. 
 
Seed bank dynamics (B. darwinii only) 
All three experiments investigating seed longevity (fresh seeds sown, seed burial, and 
seed bank) indicate that only a small number of B. darwinii seeds survive for more 
than one year (Fig. 2.8). By far the majority of viable seeds germinated during the 
first spring following seed production. As has been reported elsewhere (Simpson et al. 
2004), seeds that were stored dry retained viability for much longer: 33% remained 
viable after 16 months. However, storage conditions were highly artificial (a dry 
cupboard inside a heated building) and are unlikely to be encountered by naturally 
occurring seeds outdoors. 
 
All germination from seed bank samples occurred in the spring following soil core 
extraction. However, few seedlings emerged from the seed bank samples (Fig. 2.8c). 
As expected, cores taken from directly beneath the B. darwinii canopy elicited the 
greatest number of seedlings, but this was still generally only between 1 and 3 
seedlings per soil core. Sites further away yielded none or very few seeds per core, 
even from samples taken in March 2001, only two months after peak seedfall (Fig 
2.8c). 
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a.
b.
c.
Fig. 2.8. Germination of Berberis darwinii seeds. a) Fresh seeds collected and sown
monthly during the fruiting season of 2000-01 (n = 4 x 20 seeds sown per month),
b) seeds buried then retrieved periodically over 19 months (n = 4 x 25 seeds
collected per date), and c) seed bank samples collected periodically over the 12
months following the fruiting season of 2000-01 (n = 10 cores per interval, per date).
Error bars are + 1 s.e. of the mean.
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 Germination and seedling survival 
Germination and survival of seeds sown in the field (all species) 
Berberis darwinii germinated more successfully across the range of light 
environments than any of the native species (Fig. 2.9). In general, the native species 
germinated most successfully in the lightest environments (full sun and edge sites), 
and all had low germination in the two shadiest environments (sycamore and deep 
shade sites) (Fig. 2.9). Pseudopanax arboreus, Melicytus ramiflorus, and Coprosma 
grandifolia all have transient seed banks, but Schefflera digitata has persistent seeds 
so germination rates may be underestimated for this species (Moles et al. 2000). 
Percent germination was significantly affected by percent canopy openness for all 
species (Table 2.3), but the direction of that effect differed among species: moving 
from open sites to shady sites, germination of B. darwinii increased, but germination 
of native species decreased (Fig. 2.9). Seeds of B. darwinii also germinated 
successfully whilst buried in the mesh bags, but did not emerge above the soil surface. 
Litter depth had no effect on germination of any of the species, but an increase in soil 
moisture had a positive effect on germination of B. darwinii and a negative effect on 
germination of Schefflera digitata (Fig. 2.9 and Table 2.3). There was no effect of site 
(i.e. replication within light environments) on germination or seedling survival of any 
of the species (Tables 2.3 and 2.4) when location within the KWS was included as a 
random effect. 
 
Seedling survival of all species was significantly influenced by canopy openness 
(Table 2.4). Twelve months after germination there were no seedlings of any species 
alive in the two shadiest sites (sycamore and deep shade), and only a few B. darwinii 
seedlings in the understorey sites (Fig. 2.9). Seedlings of all species except Schefflera 
digitata survived most successfully in the full sun sites (Fig. 2.9). All Schefflera 
digitata seedlings had died twelve months after germination. Only seedling survival 
of Pseudopanax arboreus was affected by litter depth, and soil moisture had no 
impact on seedling survival for any species (Table 2.4). 
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Fig. 2.9. Average percent germination (black bars) and seedling survival
(grey bars) of Berberis darwinii and four co-occurring native species, 
in a range of light environments. Survival data was calculated from the 
proportion of seedlings alive 18 months after germination. Error bars are
+ 1 s.e. of the mean.
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Table 2.3. Linear mixed-effects model of germination of the five study species by 
location (random effect), canopy openness, soil moisture, litter depth, and site (fixed 
effects). Only results for fixed effects are reported. Summary table indicates degrees 
of freedom (df), variance ratios (F), and P-values (P). 
 
 
Species/predictor df F P
 
 
Berberis darwinii 
Canopy openness 1 3.95 0.055
Soil moisture 1 9.25 0.005
Litter depth 1 0.01 0.937
Site 4 0.66 0.623
Residuals 41
 
Coprosma grandifolia 
Canopy openness 1 8.73 0.006
Soil moisture 1 0.17 0.688
Litter depth 1 0.23 0.636
Site 4 2.91 0.060
Residuals 41
 
Melicytus ramiflorus 
Canopy openness 1 9.90 0.004
Soil moisture 1 0.20 0.659
Litter depth 1 0.02 0.885
Site 4 2.27 0.083
Residuals 41
 
Pseudopanax arboreus 
Canopy openness 1 52.69 <0.001
Soil moisture 1 0.15 0.699
Litter depth 1 0.01 0.959
Site 4 2.62 0.053
Residuals 41
 
Shefflera digitata 
Canopy openness 1 10.31 0.003
Soil moisture 1 4.93 0.033
Litter depth 1 0.04 0.848
Site 4 0.69 0.607
Residuals 41
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Table 2.4. Linear mixed-effects model of 18-month seedling survival of the five study 
species by location (random effect), canopy openness, soil moisture, litter depth, and 
site (fixed effects). Only results for fixed effects are reported. Summary table 
indicates degrees of freedom (df), variance ratios (F), and P-values (P). There are no 
results for Schefflera digitata because all seedlings died within 18 months. 
 
 
Species/predictor df F P
 
 
Berberis darwinii 
Canopy openness 1 25.37 <0.001
Soil moisture 1 0.63 0.432
Litter depth 1 1.79 0.190
Site 4 1.28 0.297
Residuals 41
 
Coprosma grandifolia 
Canopy openness 1 5.68 0.023
Soil moisture 1 0.95 0.337
Litter depth 1 0.39 0.536
Site 4 0.19 0.943
Residuals 41
 
Melicytus ramiflorus 
Canopy openness 1 16.42 <0.001
Soil moisture 1 2.43 0.128
Litter depth 1 1.69 0.202
Site 4 0.27 0.893
Residuals 41
 
Pseudopanax arboreus 
Canopy openness 1 4.80 0.036
Soil moisture 1 1.36 0.025
Litter depth 1 0.01 0.922
Site 4 0.32 0.863
Residuals 41
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 Natural seedling establishment (B. darwinii only) 
Patterns of seedling emergence largely reflected patterns of seed dispersal, with 
density decreasing with distance from source population (Fig. 2.10). However, in the 
sites directly beneath the parent canopy, the number of emergent seedlings differed 
among years, and differed in proportion to the number of seeds produced: four times 
as many seeds, but only twice as many seedlings, were produced in Year 1 compared 
to Year 2 (Table 2.5). Put another way, the proportion of the seed rain that germinated 
to produce seedlings was 14% in Year 1, and 29% in Year 2. Patterns appear to be 
similar in sites away from the parent canopy, with a greater proportion of the seed rain 
emerging as seedlings in Year 2 (Fig. 2.10). 
 
Unlike seedling emergence, patterns of seedling establishment were uncoupled from 
patterns of seed dispersal, largely because few of the B. darwinii seedlings growing 
directly beneath the B. darwinii canopy survived (Fig. 2.11). Results indicate that 
survival of the two cohorts of naturally-occurring seedlings was affected by all 
predictors considered: seedling density, year, canopy openness, and distance from 
parent canopy (Table 2.6), but there were no interactions between variables. Seedling 
density2 was also significant, indicating a non-linear response of survival to seedling 
density. Seedling density and distance explained the most variance (Table 2.6), but 
these variables are likely to be highly correlated. Furthermore, the direction of the 
effect differed between these variables: survival decreased with density, but increased 
with distance (Fig. 2.11). This probably explains why there was no interaction 
between density and distance. Interestingly, patterns of survival by distance were not 
consistent between years (Fig. 2.11, Table 2.5). In Year 1, percent survival was 
similar in all but the sites directly beneath the source canopy (sites at 0 m), but in 
Year 2, survival was similar in all but the sites 450 m away from the source canopy 
(Fig. 2.10). In other words, while there is a positive correlation between survival and 
distance, the relationship is variable.  
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Fig. 2.10. Comparison of natural Berberis darwinii seed rain, seed bank, and seedling
establishment per m2 relating to two summers of seed production. The seed bank
was measured in Year 1 only, so is not included in the bottom graph. n = 10 samples
per distance (see methods for total area sampled at each life-stage). Note y-axis is on
a log-scale. Error bars are + 1 s.e. of the mean.
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Fig. 2.11. Survival of naturally occurring Berberis darwinii seedlings at
increasing distances from source population, five months after germination.
Seedlings were surveyed in 10 x 0.25 m2 quadrats at each distance. 
Within each year, bars sharing the same letter are not significantly different
from each other (Tukey posthoc contrasts P<0.05). No seedlings survived
at 0 m in Year 1. Error bars are + 1 s.e. of the mean.
Distance from source population 
0m 25m 250m 450m
A
ve
ra
ge
 se
ed
lin
g 
su
rv
iv
al
 (%
) a
t 5
 m
on
th
s
0
20
40
60
80
100
2001-02 
2002-03 
a a
b
a
b
a
b
b
 48
Table 2.5. Generalized linear model of survival of two cohorts of naturally-occurring 
Berberis darwinii seedlings by seedling density, year, canopy openness, and distance 
from source population. Seedling density and canopy openness were also squared in 
order to test for a non-linear response of seedling survival to density and canopy. 
Summary table indicates degrees of freedom (df), deviance (dev), variance ratios (F), 
and P-values (P). 
 
 
Seedling survival 
 
df dev
 
F P
  
Seedling density 1 53.05 28.54 <0.001
Seedling density2 1 8.10 4.36 0.041
Year 1 13.19 7.10 0.010
Canopy openness 1 13.79 7.42 0.009
Canopy openness 2 1 0.29 0.15 0.693
Distance 3 42.24 7.57 <0.001
 
 
 
Transition between life-stages 
There were far fewer individuals detected in the seed bank compared to both the seed 
rain and natural seedling crop (Fig. 2.10, Table 2.6). A total of 135,796 seeds were 
detected in the seed rain in Year 1, but only 33,790 in Year 2. However, despite this 
four-fold difference in the number of seeds produced between years, there were only 
twice as many seedlings in Year 1 compared to Year 2 (Fig. 2.10, Table 2.6). This 
means that, on a percentage basis, in Year 1, 13.6% of the seed rain resulted in 
seedlings in the field, but in Year 2, this was considerably higher at 29%. This also 
means that transition ratios were very different between years: in Year 1, the ratio of 
seeds to seedlings was 16:1, but in Year 2 it was 3.5:1 (Table 2.6). 
 
In the year that seed bank was measured, seedling survival was affected by seed rain 
density, seed bank density, and distance (Table 2.7). Distance was the predictor of 
most interest, and it is interesting that it came out as significant even after the variance 
explained by all other predictors had been accounted for. This suggests strong support 
for the escape hypothesis—although again, all predictors tested are likely to be 
correlated. Seed rain density2 was also significant, indicating a non-linear response of 
seedling survival to seed rain density (Table 2.7). 
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Table 2.6. Transition ratios between life-stages (seed rain: seed bank, seed bank: 
seedling, and seed rain: seedling). Ratios are calculated by dividing the number of 
individuals per m2 in the prior stage by the number in the subsequent life-stage. Data 
are from the most densely-populated sites (beneath canopy) only. In Year 1, seed rain 
data was collected from Dec 01-Mar 01, seed bank samples were collected from Mar 
01–Mar 02 (excluding any further seed input after Mar 01), and naturally-occurring 
seedlings were counted in Sept 01. In Year 2, seed rain data was collected from Dec 
01–Feb 02, and seedlings were counted in Oct 02.  The seed bank was not measured 
in Year 2, so only the seed rain: seedling ratios are presented for that year. 
 
 
 
 Seed rain Seed bank Seedling Ratio
 
 
Year 1 135,796 8,418 16:1
 8,418 18,432 0.5:1
 135,796 18,432 7.4:1
 
 
Year 2 33,796 9,796 3.5:1
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Table 2.7. Generalized linear model of survival of one cohort of naturally-occurring 
Berberis darwinii seedlings by seed rain density, seed bank density, seedling density, 
canopy openness, and distance from source population. All predictors except distance 
were also squared in order to test for a non-linear response of seedling survival to 
these variables. Summary table indicates degrees of freedom (df), deviance (dev), 
variance ratios (F), and P-values (P). 
 
 
Seedling survival 
 
df dev
 
F P
  
Seed rain density 1 42.15 27.38 <0.001
Seed rain density2 1 9.83 6.38 0.020
Seed bank density 1 8.42 5.47 0.030
Seed bank density2 1 0.01 0.01 0.962
Seedling density 1 0.09 0.81 0.807
Seedling density2 1 3.64 0.14 0.140
Canopy openness 1 6.36 0.06 0.060
Canopy openness2 1 0.34 0.64 0.642
Distance 3 20.92 0.01 0.014
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 Discussion 
Berberis darwinii has several traits that may contribute to invasion success. It reaches 
sexual maturity by 2 years of age (pers. obs.), and produces large amounts of seeds 
early in the season when competition for dispersers is likely to be low. Birds disperse 
seeds in significant numbers, many hundreds of metres from the source population. 
Seed viability is approximately 70%, and seeds germinate in a wider range of light 
environments, and at higher rates, than the four native species studied. Berberis 
darwinii also has higher rates of seedling survival than the native species, although 
none of the species were capable of establishing in shady conditions. The critical 
stage for recruitment in B. darwinii appears to be seedling establishment. Patterns of 
seedling emergence are largely determined by patterns of seed rain, but seed bank 
density, seedling density, light environment, and distance from source population 
(many of which are correlated) can all have an effect on seedling survival. Dispersal 
of any distance is likely to increase seedling recruitment because seedling survival is 
virtually nil beneath the parent canopy. Widespread dispersal, coupled with high 
germination in all environmental conditions, maximises the chance that at least some 
seeds will germinate in habitats suitable for seedlings survival. Seedlings are 
relatively light-demanding, so recruitment into new areas likely depends on 
disturbance, or dispersal to high light areas. Thus, the scarcity of B. darwinii juveniles 
under canopy reflects poor seedling survival, rather than germination failure. Plants 
that do occur in shady environments may have established prior to canopy closure, for 
example soon after gap formation. In this section I will discuss the seed bank 
dynamics, seed dispersal patterns and consequences for recruitment, and the critical 
life stage of B. darwinii in more detail, and consider the management implications 
inferred by these results. 
 
Seed bank dynamics 
Long-lived seeds can be advantageous for invasive species, particularly when coupled 
with effective spatial seed dispersal, because this means seeds are poised to take 
immediate advantage of conditions favourable for recruitment. However, long-lived 
seeds are at increased risk of exposure to seed predators and pathogens, and many 
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species adopt the alternative strategy of germinating en masse soon after dispersal, 
thereby increasing the chance that at least some seeds will have arrived in suitable 
conditions. Long-lived seeds requiring environmental cues to germinate are likely to 
be more advantageous in environments with low predictability of favourable 
conditions, whereas early, mass germination is generally more common in stable 
environments (Venable and Lawlor 1980; Parker et al. 1989; Thompson 2000). All 
three experiments investigating seed longevity in this study (fresh seeds sown, seed 
burial, and seed bank sampling) indicate the same result: almost all B. darwinii seeds 
germinate in the first spring following dispersal, with only a few surviving for more 
than one year. Both freshly-collected seeds and seeds buried for a short period of time 
(4 months) and unearthed prior to the time of natural germination (the spring 
following seed fall) showed a similar pattern of germination: 61-69% of seeds 
germinated in the first spring following dispersal, 4-8% germinated the second spring, 
leaving a remainder of 27-31% that was presumably inviable. However, many of the 
seeds that had been buried for 10-19 months had germinated (but had not emerged) 
within the mesh bags by the time they were un-earthed. Subsequent germination of 
these seeds was low (2-10%), and no further germination took place the following 
year. All results thus indicate that most seeds germinate during the first year following 
dispersal, regardless of light environment—including complete darkness beneath the 
soil surface. While artificial burial bypasses the crucial role of natural mechanisms 
that can reduce seed viability, and thus provides only a conservative measure of seed 
longevity (Bakker et al. 1996; Thompson et al. 1997), it is probably safe to say that 
seeds that are short-lived when artificially buried will likely also be short-lived under 
natural conditions.  
 
Germination of B. darwinii seeds is highly seasonal, occurring mainly in spring 
between September and December, approximately six months after dispersal. This 
strategy of delayed germination is common amongst species occurring in climates 
where potentially adverse seasonal variation is relatively predictable, such as winter in 
temperate forests, and summer drought in the tropics (Parker et al. 1989; Hille Ris 
Lambers et al. 2005). Germination following winter dormancy is commonly triggered 
by a period of low temperatures (chilling), but can also be due to the gradual decay of 
a hard seed coat which renders the seed permeable to water by the time spring arrives 
(Vázquez-Yanes and Orozco-Segovia 1993). Seeds sometimes return to a state of 
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dormancy if they fail to germinate before the end of spring (Baskin and Baskin 1998), 
and this may be the case for the B. darwinii seeds that remain viable for more than 
one year. However, it is unlikely that seeds persisting for more than one year play a 
significant role in recruitment dynamics, given that very few do so.  
 
Few seedlings emerged from the seed bank samples, but this does not necessarily 
mean that few seeds were present post-dispersal. Many studies have shown that the 
vast majority of the seed rain is rapidly lost to predation, disease and senescence, with 
only a small fraction entering the viable seed bank population (e.g. Leck et al. 1989; 
e.g. Alvarez-Buylla and Martínez-Ramos 1990; Schupp 1990; Dalling et al. 1998b; 
Cabin et al. 2000; Crawley 2000; Wenny 2000). In this case, however, it could also be 
due to a problem of sample size. Assessment of seed bank density is often less precise 
if the total area sampled is low, particularly in areas of low, or patchy, seed density 
(Mickelson and Stougaard 2003). In this study a total area of 0.08 m2 was sampled on 
each collection date (0.0196m2 for each of the four sites increasing in distance from 
source population), which may be too small for an accurate estimate. In even the most 
dense areas (directly beneath the source population canopy), seed bank samples 
picked up only one tenth of the seeds that were captured by the seed traps. 
Furthermore, in most sites seedling density was more than double the seed bank 
density, even in areas further away from the source population where fewer seeds 
arrive at the soil surface. However, given that few seeds survive in the soil for more 
than one year, it seems safe to conclude that new B. darwinii seedlings originate 
primarily from the current year’s seed input, with minimal recruitment from the seed 
bank. 
 
Seed dispersal patterns and consequences 
Widespread seed dispersal is often considered a key reproductive trait contributing to 
the success of invasive species (Glyphis et al. 1981; Gleadow 1982; Stansbury 1996; 
Parendes and Jones 2000; Radford et al. 2001; Stansbury 2001). In this study the 
number of seeds dispersed long distances may have been underestimated because 
sampling intensity declined with distance from the source population (see Fenner and 
Thompson 2005). However, significant numbers of seeds were dispersed up to 150 m 
from the parent population, and seeds were also consistently detected at distances up 
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to 450 m away. A seed dispersal curve is generally assumed to be negatively 
exponential in shape (Howe 1986; Willson 1993), but in this study it was best 
described by an inverse power function. This implies that the “tail” of the curve was 
more drawn-out than expected, which, in vertebrate-dispersed species, has previously 
been attributed to the ability of animals to transport seeds over long distances (Laman 
1996; Panetta and Sparkes 2001). Long distance dispersal can accelerate the invasion 
process by initiating new “satellite” populations (Moody and Mack 1988; Hengeveld 
1989; Kot et al. 1996), and is thought to be disproportionately important to a range of 
recruitment processes (Clark et al. 1998a; Cain et al. 2000). Furthermore, B. darwinii 
can produce fruit by 2 years of age, and fruits earlier in the season than most other 
species in New Zealand (Allen and Lee 1992). All of these factors support previous 
suggestions that B. darwinii is a prolific fruit producer with highly effective seed 
dispersal mechanisms (Allen and Wilson 1992).  
 
Berberis darwinii seeds dispersed away from the source population had a much higher 
chance of surviving at the seedling stage; almost all naturally-occurring B. darwinii 
seedlings beneath the parent canopy died within the first 5 months following 
germination, in both study years. Results suggest that both seedling density and 
distance from source population play a role in this, although these two factors are 
likely correlated. Seedlings occurring at high densities commonly experience high 
mortality due to factors such as competition, the presence of pathogens, or 
allelopathic effects (Augspurger 1983b; Augspurger and Kelly 1984; Howe 1990; 
Howe 1993; Hulme 1998; Packer and Clay 2000), although there was no obvious 
cause in this study. The non-linear response of seedling survival to seedling density 
(Table 2.6) also suggests that there is an upper limit at which point increasing 
seedling density no longer continues to decrease survival. Interestingly, in this study 
the relationship between distance and seedling survival was inconsistent between 
years: survival was significantly higher in all sites away from the parent canopy in 
Year 1, but in Year 2 only seedlings 450 m away had higher survival. On the face of 
it, this seems to indicate that the escape hypothesis explained seedling survival in 
Year 1, but not in Year 2. However, results were highly variable, and therefore must 
be interpreted with caution. Other studies too have found seedling survival to be 
patchy and inconsistently correlated with distance from source population—both 
within and between years (Wheelwright and Orians 1982; Schupp 1988a; Willson and 
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Whelan 1990; Whelan et al. 1991; Houle 1992; Howe 1993). Thus the most 
favourable sites for seed dispersal are often unpredictable in time and space, and 
chance may play a significant role in seedling survival. 
 
Seed dispersal combines with patterns of germination and seedling establishment to 
determine the spatial patterns of saplings and adult trees (Houle 1995; Schupp and 
Fuentes 1995; Houle 1998; Wenny 2000). Berberis darwinii has a lengthy 
germination period in its native habitat, ranging from c. 4 to 10 months following 
dispersal (Figueroa and Armesto 2001). This study illustrates a similar pattern in New 
Zealand, with germination beginning around August, and continuing through to at 
least February (pers. obs.). Germination occurred successfully in all light 
environments (including in the dark, when buried), which has also been found in 
previous studies both in New Zealand (McAlpine and Drake 2003) and its native 
habitat (Figueroa and Lusk 2001), so it seems unlikely that B. darwinii has a light 
requirement for germination. Given that seeds dispersed in summer do not germinate 
until the following spring, it seems more likely that B. darwinii has some form of 
embryonic dormancy when seeds are fresh, and this is lost over winter. Indeed, Dirr 
and Heuser (1987) advise that, in the USA, seeds of B. darwinii germinate 
successfully after 2-3 months of cold stratification. This is likely to be the case in 
New Zealand: B. darwinii seeds come out of dormancy following a period of cold 
winter temperatures and adequate moisture. This is also supported by the fact that 
seeds stored in warm, dry conditions for 16 months were sowed in autumn, but did 
not germinate until spring. This strategy of widespread dispersal and mass 
germination over several months, regardless of light environment, may maximise the 
chances of a seed germinating in a suitable site.  
 
Sites favourable to germination are not necessarily favourable to seedling 
establishment (De Steven 1991b; Houle 1992; Herrera et al. 1994; Horvitz and 
Schemske 1994; Houle 1994; Schupp 1995; Houle 1998; Rey and Alcàntara 2000). In 
the seed-sowing experiment, germination of B. darwinii remained high in shady sites, 
but 18-month old seedlings were largely restricted to high light environments—i.e. 
those with approximately 20% canopy openness or more (edge and full sun sites). 
Furthermore, average percent canopy openness was significantly higher at sites 450m 
from the parent canopy (20%) than sites at 25m (11%) and 250m (10%), and survival 
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of naturally occurring seedlings was high there in both years. On the other hand, 
canopy openness at 0m and 450m was similar, but survival was very different 
between these two sites—possibly because of the negative effect of density, as 
mentioned above. These results support previous work carried out by Figueroa and 
Lusk (2001) on B. darwinii in part of its native range (southern Chile), who found that 
seeds germinated equally well in both gap and understorey environments, but that 
juvenile plants (0.1-1.0 m tall) required a mean of 20% canopy openness to survive. 
The consequences of dispersal appear to be similar for the neotropical tree species 
Virola surinamensis: seedlings are much more likely to survive if they are dispersed 
away from the parent population, particularly if they arrive in a high light 
environment (Howe et al. 1985). Other species of Berberis seedlings are also light-
demanding, including B. vulgaris (Kollmann and Reiner 1996), and B. nervosa 
(Huffman and Tappeiner II 1997), but B. thunbergii may be more shade-tolerant 
(Ehrenfeld 1997; Silander and Klepeis 1999). The fact that B. darwinii seedlings are 
relatively light-demanding, coupled with seed longevity of less than one year, 
suggests that only seeds dispersed to high light environments such as gaps have a 
chance of making it past the seedling stage. Once past the seedling stage, however, 
adult plants appear tolerant of relatively shady conditions and are therefore able to 
persist beneath an intact forest canopy (Allen 1991). Thus, it may be through gap 
phase recruitment that Berberis darwinii becomes a common component of the forest 
understorey. Further research would clarify this, and pinpoint the age, or size, at 
which plants become shade tolerant. 
 
Canopy gaps are frequently associated with high seedling survival, largely due to 
higher light availability and lower predator and pathogen presence (e.g. Augspurger 
1983b; Augspurger 1984a; Brokaw 1985b; e.g. Shibata and Nakashizuka 1995; Kobe 
1999). The light environment beneath deciduous Fuchsia trees is potentially more 
favourable for seedling establishment of B. darwinii if the autumn-winter loss of 
leaves creates the equivalent of a canopy gap. However, while birds do seem to 
disperse B. darwinii seeds disproportionately to Fuchsia trees, this does not appear to 
result in greater numbers of seedlings in those sites (although a Type II error is 
possible here, due to low statistical power). Thus, the directed dispersal hypothesis is 
not supported by these results. This suggests that the light environment beneath 
Fuchsia trees is not, in fact, significantly different from that in surrounding areas—
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possibly because the high ratio of canopy height to gap diameter means the sun does 
not penetrate the “gap” in the canopy and reach the soil surface (Canham et al. 1990). 
Further research would reveal whether this is true. The directed dispersal hypothesis 
was also rejected by Hoshizaki et al (1999), who found that although rodents did 
direct seeds of Aesculus turbinata to particular sites, those sites were not suitable for 
survival. However, given that birds frequently disperse seeds disproportionately to 
canopy gaps (Thompson and Willson 1978; Moore and Willson 1982), and given that 
B. darwinii seedling survival is most successful in high light environments, directed 
dispersal to a large canopy gap might result in higher recruitment.  
 
Invasive species may also derive a competitive advantage from superior germination 
and establishment capabilities under certain environmental conditions (Bazzaz 1986; 
Rejmánek 1996; Ehrenfeld 1999; Jesson et al. 2000; Daehler 2003). Berberis darwinii 
had both a germination and seedling survival advantage over almost all of the four 
native species, in almost all of the light environments. Melicytus ramiflorus and 
Pseudopanax arboreus had similar rates of germination to B. darwinii in the sunniest 
sites, but lower rates of seedling survival. While survival of all five species was low 
in the three shadiest light environments, B. darwinii germinated most successfully in 
these sites. Thus B. darwinii is likely to be best placed to take advantage of a treefall 
gap occurring in the time between germination and seedling death—which could be as 
long as 6 months. B. darwinii does not appear to have higher seed viability than the 
native species, although Schefflera digitata has a persistent seed bank so both viability 
and rates of germination may be underestimated for this species.  
 
Transition between life-stages 
Prolific seed production alone does not necessarily increase recruitment, because 
there is likely to be an upper limit on the number of dispersers available, and on the 
number of seedlings that can emerge per unit area. In the sites directly beneath the 
parent canopy, there were four times as many seeds in Year 1 compared to Year 2. 
However, there were only twice as many newly-germinated seedlings in Year 1 
compared to Year 2, indicating that a larger proportion of the crop emerged as 
seedlings in Year 2. This may be because sites were saturated with seed in Year 1, so 
the number of seedlings was limited by microsite availability. However, a larger 
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proportion of the crop in Year 2 also emerged as seedlings in sites less saturated with 
seed (sites at 25m, 250m, and 450m from source population) (Fig. 2.10), suggesting 
that either a larger proportion of the crop was dispersed in Year 2, or that weather 
conditions were more favourable for germination. Several other studies have also 
shown that proportionally more of the fruit crop is taken by frugivores when a small 
crop is produced (Jordano 1987; Herrera et al. 1994; Herrera 1998). It seems likely 
that in the current study dispersal and microsite availability (and probably additional 
factors) interact to create the germination patterns seen. The relationship between seed 
rain and seedlings 5 months after germination is even more complex, probably most 
influenced by density-dependant mortality and light environment. However, overall 
seedling survival in sites away from the parent canopy was generally higher in Year 1 
than in Year 2 (Fig. 2.11), suggesting that higher fruit abundance may increase 
recruitment under some circumstances. Certainly the quantity of fruit produced can 
vary significantly between years (Herrera 1998), but only long term research can 
elucidate what effect this has on seedling recruitment. 
 
There was also discordance between the number of individuals in the seed bank and 
the seed rain: 16 individuals were counted in the seed rain for every one in the seed 
bank. The average percent viability of B. darwinii seeds was 70%, so theoretically 
70% of the seed rain could germinate in the spring following dispersal—minus the 
percentage of seeds being lost to predators, pathogens, and other sources of mortality. 
As mentioned previously, such seed loss can be significant—90% or higher in many 
cases (Howe et al. 1985; Alvarez-Buylla and Martínez-Ramos 1990; Morgan 1995; 
Dalling et al. 1998b; Cabin et al. 2000; Wenny 2000). In the current study, immediate 
post-dispersal seed banks represented only 6.2% of the seed rain, suggesting that 
approximately 64% of seeds are being lost between dispersal in summer and 
germination the following spring. These results may be biased, however, because they 
are taken solely from the sites directly beneath the parent canopy, where seed density 
is highest and therefore predator and pathogen activity is likely to be at its most 
intense—including below the soil surface (Janzen 1970; Connell 1971; Clark and 
Clark 1984; Dirzo and Domìnguez 1986; Dalling et al. 1998b; Crawley 2000). 
However, in the current study, results from sites further away from the canopy were 
highly variable (Fig. 2.7), possibly due to the small area sampled, or to patchy seed 
distribution. A much higher proportion of seeds germinated in the glasshouse 
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experiment: on average 70% of seeds sown germinated the following spring. This 
suggests that the factors causing seed loss in the field—for example seed predators 
and pathogens—were largely absent in the glasshouse and/or potting mix.  
 
Similarly, there were far fewer individuals detected in the seed bank compared to the 
natural seedling crop, as indicated by the ratio of 0.5 seeds in the seed bank for every 
seedling (Table 2.5). This seems to imply that seedlings are originating from 
somewhere other than the seed bank. However, both the seed bank and seedling data 
are measuring germination from naturally-occurring seeds. The only difference is that 
the seed bank samples were transferred from the field to the glasshouse. Thus, the fact 
that germination from seed bank samples was so much lower than germination in the 
field may be an indication that glasshouse conditions were unfavourable for 
germination. However, germination from sown seeds (in the seed viability 
experiment) was high, so this is probably not the case. Another possible explanation is 
the difference in area sampled for the two experiments. The total area measured from 
seed bank samples taken from the 10 sites beneath the Berberis darwinii canopy 
(given that only these sites were used to calculate transition ratios) was 0.02m2, 
whereas for seedlings it was 2.5m2.  
 
Management implications 
Given the ubiquitous nature of B. darwinii seed dispersal, removal of the seed source 
should be the initial management priority. However, this is not always possible, and in 
many situations the aim of weed control is to prevent further invasion into 
surrounding territories. In these circumstances, seedling establishment should be the 
focus of management efforts, given that this appears to be the critical stage for B. 
darwinii recruitment. Berberis darwinii seedlings are likely to out-compete native 
species in high light environments such as disturbed areas or canopy gaps (Fig. 2.9), 
so these areas should be the focus of seedling control. Newly-germinated seedlings in 
shady environments will largely die out naturally, so seedling control in these areas is 
unnecessary. If seed dispersers are present in the area, managers could expect to find 
seedlings at least 450 m away from the source population or plant, in any type of 
habitat. The seed bank is of minor concern, since most seeds do not last for more than 
one year. 
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CHAPTER THREE. PATTERNS OF BIOMASS 
ALLOCATION DO NOT APPEAR TO CONTRIBUTE TO 
INVASION SUCCESS IN BERBERIS DARWINII 
SEEDLINGS 
 
Abstract 
Berberis darwinii is a serious invasive weed in New Zealand, capable of invading a 
range of different light environments, from grazed pasture to intact forest. According 
to optimal partitioning models, some plants optimize growth under different 
environmental conditions by shifting biomass allocation to tissue types (e.g. roots, 
shoots) to maximise the capture of limiting resources (e.g. water, light). I examined 
patterns of growth, biomass allocation, and seedling survival in B. darwinii in order to 
determine whether this trait might be contributing to invasion success. Seedlings were 
grown for 7 months in five natural light environments in the field. Survival was high 
in the sunniest sites, and low in the shadiest sites. Seedlings grown in full sun were an 
order of magnitude taller and heavier, had five times as many leaves, and 
proportionally more biomass allocated to leaves than seedlings grown in other light 
environments. In the shade, leaves were bigger and thinner, and leaf area as a 
proportion of total plant biomass increased, but the proportion of above- to below-
ground biomass was similar across all light and soil moisture environments. In 
summary, although leaf characteristics were plastic, patterns of biomass allocation did 
not vary according to optimal partitioning models, and were not correlated with 
patterns of seedling survival. Thus, patterns of biomass allocation do not appear to 
contribute to invasion success in B. darwinii. 
 
Introduction 
Plasticity has long been considered a trait contributing to the success of weeds (Baker 
1965; Baker 1974; Roy 1990), but few empirical data exist to support or refute this 
assertion (Kolar and Lodge 2001). Although plasticity is often considered at the level 
of genotype, it can be scaled up to the level of species (Ellsworth and Reich 1996; 
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Weber and D'Antonio 1999; Filella and Penuelas 2003; Paz 2003). A species is said to 
be plastic if plants grown under different environmental conditions exhibit differences 
in morphological or physiological traits such as leaf characteristics (Popma et al. 
1992; Ryser and Eek 2000; Valladares et al. 2000), photosynthesis (Björkman and 
Holmgren 1963; Björkman and Holmgren 1966; Boardman 1977; Ellsworth and 
Reich 1992; Thompson et al. 1992a), and overall patterns of biomass allocation 
(Grime et al. 1986; Rice and Bazzaz 1989; Chapin 1991; King 1991; Wang et al. 
1994; Williams et al. 1995). This occurs to some extent in most plants, but a more 
plastic species may be better able to optimize its capacity to acquire the most limiting 
resource and hence maximize growth in a wider range of habitats than a less plastic 
species (Hirose 1987; Mooney et al. 1988; Robinson and Rorison 1988; Latham 1992; 
Schweitzer and Larson 1999; Valladares et al. 2000). While there are, presumably, 
costs associated with being plastic, this may be one way invasive species succeed over 
a wide range of environmental conditions and thus gain an advantage over native 
species (Williams et al. 1990; Schierenbeck et al. 1994; Williams et al. 1995; Fogarty 
and Facelli 1999; Schweitzer and Larson 1999; Baruch et al. 2000; Stratton and 
Goldstein 2001).  
 
One of the primary factors affecting seedling plasticity and growth is likely to be light 
availability (Chazdon 1988; Kitajima 1996; Poorter 2001), although soil moisture 
(Williams et al. 1990; Veenendaal et al. 1995), nutrient supply (Rincón and Huante 
1994; Müller et al. 2000), herbivory (Schierenbeck et al. 1994), and competition 
(Grime 1979; Thébaud et al. 1996; Fogarty and Facelli 1999) can also be important. 
Light is an extremely heterogeneous resource (Chazdon et al. 1996), particularly in 
disturbed sites which are often the point of entry for invasive species (Hobbs 1989; 
Rejmánek 1989; Hobbs and Huenneke 1992; Jesson et al. 2000; Lake and Leishman 
2004), so it is an advantage for seedlings to be able to cope with a variety of light 
environments (Bazzaz 1996). Most species are able to acclimate to low light 
conditions by developing larger, thinner leaves and by increasing the ratio of total leaf 
area to total mass (Loach 1970; Givnish 1988; Popma and Bongers 1988; Walters et 
al. 1993; Lusk and Del Pozo 2002), but the link between shoot: root ratio and light 
environment is less consistent (Callaway 1992; Osunkoya et al. 1994; Pattison et al. 
1998; Valladares et al. 2000), and may vary according to the shade tolerance of the 
species (Rao and Singh 1989; King 1991; Thompson et al. 1992b; Kobe 1997; 
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Walters and Reich 2000). Optimal partitioning models suggest that plants can 
optimize growth in a variety of environments by shifting resource allocation to leaf 
and stem production in light-limited environments, and to root production in nutrient- 
or water-limited environments (Brouwer 1962; Brouwer 1963; Thornley 1969; 
Thornley 1972; Bloom et al. 1985; Hirose 1987; Tilman 1988; Wilson 1988). Many 
studies support  these models (Chapin 1991; King 1991; Mooney and Winner 1991; 
Wang et al. 1994; Canham et al. 1996; McConnaughay and Coleman 1999; Poorter 
and Nagel 2000; Ryser and Eek 2000), although few have looked specifically at 
invasive species (but see Pattison et al. 1998; Baruch et al. 2000; Longbrake and 
McCarthy 2001; Sanford et al. 2003).  
 
In this study I examine the link between plasticity and invasiveness in the exotic 
species Berberis darwinii Hook. (Berberidaceae).  Berberis darwinii is a woody, 
evergreen shrub up to 4 m high, native to southern Chile and Argentina. Initially 
brought to New Zealand as an attractive garden plant, it was first recorded naturalized 
in 1946 (Sykes 1982). It has since invaded many vegetation types throughout the 
country, including remnant forest stands, scrub, and along roadsides (Webb et al. 
1988). It has high reproductive capacity and efficient seed dispersal by birds in New 
Zealand, and can form dense colonies that persist after overtopping by forest trees 
(Allen 1991). It is tolerant of drought and frost, and can occupy a wide range of soil 
types (Allen 1991; Timmins and Mackenzie 1995). Plants can vary in growth habit, 
from dense shrubs with interlaced branches in open environments, to lianoid-like 
small trees up to 10 m tall beneath the intact forest canopy (Webb et al. 1988; Allen 
1991). It is this variable growth form and tolerance of a range of environmental 
conditions that suggests a highly plastic species. I hypothesised that plasticity in leaf 
characteristics and biomass allocation according to light environment contributes to 
this ability to establish in a wide range of habitat types. To test this I grew seedlings in 
a range of natural light environments in the field for seven months. I then asked three 
questions: 1) do leaf characteristics and patterns of biomass allocation vary across 
light environments, 2) do patterns of seedling mortality also vary, and 3) is there any 
correlation between 1) and 2)? 
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Methods 
Study site 
I conducted this study within the Karori Wildlife Sanctuary, a 249-ha ecological 
restoration site in Wellington, New Zealand. See methods section of Chapter Two for 
detailed description of site. 
 
Environmental measures 
Canopy cover, soil moisture, and litter depth differed significantly among sites in 
Chapter Two (Table 2.1), so these data were also used for the analysis of growth and 
biomass allocation in the current chapter. See methods section of Chapter Two for 
more detail on these measures. 
 
Seedlings 
The B. darwinii seedlings used for this experiment were those grown from seed in 
five different light environments (full sun, edge, understorey, sycamore, and deep 
shade) as per Chapter Two. Three replicates of each light environment were located, 
giving a total of 15 sites. Within each of the 15 sites, three plots were prepared for 
seed-sowing, giving a total of 45 plots (see methods section of Chapter Two for more 
detail on light environments, plots, and seed sowing). Seeds were sown in March 
2001, and most germination occurred in September 2001. In March 2002 I harvested 
three seedlings from each plot to measure growth and biomass allocation. Few 
seedlings had survived in the sycamore and deep shade light environments, so where 
possible I harvested naturally occurring, nearby seedlings that were obviously from 
the same cohort as the artificially sown seedlings. However, the total number of 
seedlings harvested did vary according to light environment: full sun, edge, and 
understorey: 45, sycamore: 44, and deep shade: 20. Following harvest, each seedling 
was cleaned, then divided into roots, stem, and leaves. Roots were sufficiently robust 
to withstand the harvest and cleaning process without damage, although fine hairs 
may have been lost. 
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Growth and biomass allocation measures 
I measured total fresh leaf area with a Licor 320 leaf area meter. Spines (modified 
leaves) were present at the base of leaf clusters on the stems of well-developed 
seedlings that had grown in the full sun. These were often very similar in shape, form 
and colour to leaves, so I included them in the leaf analyses, along with healthy 
cotyledons. I also measured stem length and number of leaves while the seedlings 
were still fresh. I then dried the plant material at 45°C for 7 days before calculating 
total biomass, leaf area ratio (LAR: total fresh leaf area/total seedling mass), leaf mass 
ratio (LMR: total leaf mass/total seedling mass), and root: shoot ratios (root 
mass/stem + leaf mass). I weighed 3 dried leaves of known (fresh) area per seedling in 
order to calculate the average specific leaf area (SLA: leaf area/leaf mass) of each 
seedling. These patterns of growth and biomass allocation were compared to patterns 
of seedling survival as measured in Chapter Two. 
 
Statistical analyses 
I analysed the data using S-Plus 4 (Mathsoft 1997) and SigmaStat 3.1 (SPSS 2004) 
statistical software. To identify the best way to transform the data, where necessary, I 
evaluated each variable for the best distribution of expected vs. actual residuals (Zar 
1984). Stem length, root mass, leaf mass, total biomass, total number of leaves, and 
total leaf area data were log-transformed. Proportion of root, stem, and leaf data were 
arcsin-transformed. All other data met model assumptions untransformed. I used 
linear mixed effects models to test for differences among light environment, site 
(nested within light environment), and plot (nested within site) of stem length, root 
mass, stem mass, leaf mass, total biomass, root/shoot ratio, number of leaves, total 
leaf area, LAR, LMR, and SLA. Only results for light environment are presented, 
since site and plot were random effects. I made post-hoc comparisons using Sidaks 
tests. P-values from post-hoc comparisons were Bonferroni-corrected. I used 
multivariate analysis of variance to test for differences among light environment, site 
(nested within light environment), and plot (nested within site) of proportion of 
biomass allocated to root, stem, and leaf. In this situation, site and plot are treated as 
fixed effects. The effect of canopy openness, leaf litter depth, and soil moisture on 
seedling survival was examined in Chapter 2, but is also relevant to this chapter. 
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Results 
Canopy openness, litter depth, and soil moisture all differed significantly (P<0.001) 
between sites as discussed in the results section of Chapter Two (also see Table 2.1 
and Fig 2.3).  
 
All growth, biomass allocation, and survival parameters exhibited significant 
differences between light environments (Table 3.1). Seedlings grown in full sun sites 
were at least 10 times greater in total biomass than seedlings grown in any other light 
environment (Fig 3.1). Seedlings grown in the three shadiest light environments were 
small, with no significant difference in their average total mass (Fig 3.1). Edge site 
seedlings were significantly different from all others; smaller than the seedlings 
grown in full sun but larger than the seedlings grown in the understorey, sycamore, 
and deep shade sites (Fig 3.1). Seedlings from full sun sites were also taller (Fig 3.2a), 
with more leaves (Fig 3.2b) and greater total leaf area (Fig 3.2c) than seedlings grown 
in any other light environment. 
 
According to the optimal partitioning model, I had expected plants growing in low 
light to allocate a higher proportion of biomass to shoots, and plants growing in high 
light to allocate a higher proportion to roots. However, contrary to my expectations, 
B. darwinii did not vary biomass allocation in line with differences in light and soil 
moisture. Root: shoot ratios were similar across all sites, with no significant 
difference between even the two extremes of light environment, the full sun and deep 
shade sites (Fig. 3.3). Light environment did, however, have a significant effect on the 
proportion of biomass allocated to roots, stem, and leaves (Table 3.2). However, like 
most other parameters measured, it was only the seedlings grown in full sun sites that 
differed much (Fig. 3.4). Post-hoc comparisons indicated that full sun site seedlings 
allocated more biomass to leaf and less to stem than seedlings from the other four 
light environments. Proportions of biomass allocated to roots, stem, and leaves in the 
edge, understorey, sycamore, and deep shade light environments were similar. 
 
As expected, specific leaf area increased consistently as shade increased, with 
significant differences between four of the five light environments (Fig 3.5a). 
Similarly, leaf area ratio increased consistently as canopy cover increased, although 
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there was no significant difference between seedlings grown in the two shadiest sites 
(Fig 3.5b). Somewhat different was leaf mass as a proportion of total plant mass (leaf 
mass ratio). This was significantly different in seedlings grown in the full sun, but was 
similar in all other light environments, with only the understorey and sycamore sites 
significantly different from each other (Fig. 3.5c). 
 
Average percent seedling survival was significantly higher in the two sunniest sites 
compared to the three shadiest sites (Fig 3.6). As per Chapter 2, multiple linear 
regression indicated that percent canopy openness was the strongest influence on 
seedling survival (P<0.001), with litter depth (P=0.196) and soil moisture (P=0.866) 
less important.  
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Table 3.1. ANOVA using linear mixed effects model of growth and biomass 
allocation parameters of Berberis darwinii seedlings by light environment, site 
(nested within light environment), and plot (nested within site). Site and plot were 
random effects, so only the results for the fixed effect (light environment) are 
presented. Summary table indicates degrees of freedom (df), residual degrees of 
freedom (res), variance ratios (F) and P-values.  
 
 
 
Growth and biomass 
allocation parameters 
 
df res
 
 
F P
  
Stem length 4 194 80.71 <0.001
Root mass 4 194 277.71 <0.001
Stem mass 4 194 323.66 <0.001
Leaf mass 4 194 273.50 <0.001
Total biomass 4 194 390.88 <0.001
Root/shoot 4 194 5.05 <0.001
Number of leaves 4 194 203.04 <0.001
Total leaf area 4 194 174.18 <0.001
Leaf area ratio 4 194 54.50 <0.001
Leaf mass ratio 4 194 26.34 <0.001
Specific leaf area 4 194 49.41 <0.001
 
 
 
 
 
Table 3.2. Multivariate analysis of variance of biomass proportions (root, stem, leaf) 
of Berberis darwinii seedlings by light environment, site (nested within light 
environment), and plot (nested within site). Summary table indicates degrees of 
freedom for Wilks lambda (df), Wilks lambda (Wilks), approximate F value, 
numerator and denominator degrees of freedom, and P-values. 
 
 
Biomass proportion 
 
 
df Wilks Approx F num df
 
den df P
   
Light environment 4 0.493 18.76 8 354 <0.001
Light environment: Site 10 0.604 5.07 20 354 <0.001
Site: Plot 6 0.940 0.94 12 354 0.514
Residuals 178  
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Fig. 3.1. Total leaf, stem, and root biomass of Berberis darwinii seedlings
grown for 6 months in different light environments. Within each tissue type, 
bars that share the same letter are not significantly different from each other
(Sidak posthoc contrasts P<0.05). Error bars are + 1 s.e. of the mean.
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Fig 3.2. Boxplots of leaf and stem measurements of Berberis darwinii seedlings grown
for 6 months in different light environments: a) stem length, b) total number of leaves,
and c) total leaf area. The line within each box-plot indicates the median value, the lower
and upper side of the box the 25th and 75th percentiles, and the error bars the 10th and
90th percentiles. Within each graph, boxes that share the same letter/s are not significantly
different (Sidak posthoc contrasts P<0.05).
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Full Sun Edge Understorey Sycamore Deep Shade
Fig. 3.3. Boxplots of root: shoot ratios of Berberis darwinii seedlings grown for
6 months in different light environments. The line within the box-plots indicates the
median value, the lower and upper side of the box the 25th and 75th percentiles,
and the error bars the 10th and 90th percentiles. Boxes that share the same
letter/s are not significantly different from each other (Sidak posthoc contrasts
P<0.05).
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Fig. 3.4. Proportion of biomass allocated to root, stem, and leaf in Berberis
darwinii seedlings grown for 6 months in different light environments. Each
data point is an individual seedling collected from that light environment (full
sun, edge, and understorey: n=45, sycamore: n=44, deep shade: n=20).
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Fig. 3.5. Boxplots of leaf characteristics of Berberis darwinii seedlings grown in
different light environments: a) specific leaf area (SLA), b) leaf area ratio (LAR), and
c) leaf mass ratio (LMR). The line within the box-plots indicates the median value, the
lower and upper side of the box the 25th and 75th percentiles, and the error bars the
10th and 90th percentiles. Within each graph, boxes that share the same letter are not
significantly different from each other (Sidak posthoc contrasts P<0.05).
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Fig. 3.6. Boxplots of percent survival of Berberis darwinii seedlings grown for 6
months in different light environments . The line within the box-plots indicates
the median value, the lower and upper side of the box the 25th and 75th percentiles,
and the error bars the 10th and 90th percentiles. Within each graph, boxes that
share the same letter are not significantly different from each other (Sidak posthoc
contrasts P<0.05).
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Discussion 
Differential microhabitat recruitment can be an important factor influencing adult 
plant spatial patterns (Jordano and Herrera 1995; Russell and Schupp 1998; Kobe 
1999; Montgomery and Chazdon 2002; Radford et al. 2002). In this study seedling 
survival rates were high in the two sunniest sites, and low in the three shady sites, 
suggesting that seedlings are somewhat shade-intolerant. Interestingly, Allen (1991) 
surveyed existing B. darwini seedlings in a range of light environments and concluded 
that establishment was enhanced by shade. However, this discrepancy between our 
two studies might be due to the different ways we considered “shade”. Allen’s 
estimation of percent cover was restricted to plants less than 2 metres tall, so there 
may have still been significant light reaching the soil surface through such short-
stature vegetation, depending on the density of canopy foliage. I measured percent 
canopy openness without regard to canopy height, but in most cases the canopy was 
approximately 5-8 metres tall, so only the full sun and edge sites received any direct 
light. In other words, Allen’s shady sites may in fact be comparable to my edge sites, 
and in both cases survival was high. Furthermore, Allen (1991) found that seedling 
densities were significantly higher in open and edge vegetation classes than beneath 
young and old forest, which is also consistent with my findings.  
 
While canopy openness was the strongest influence on seedling survival, this 
measurement alone may not account for all differences in light environment and 
hence seedling performance. Although edge and understorey sites were similar to 
each other in terms of canopy openness, the seedlings from these sites exhibited 
several significant differences: seedlings from edge sites had more leaves and lower 
specific leaf area than seedlings from understorey sites. This may be due to 
differences in the quality of light: the edges of forest gaps tend to receive more direct 
light than areas beneath the intact forest canopy, which tend to receive predominantly 
diffuse light (Chazdon and Fetcher 1984; Canham et al. 1990). Light beneath a 
canopy also has a different spectral composition and is strongly reduced in 
photosynthetically active radiation (Coombe 1957; Federer and Tanner 1966), and 
this too can impact on seedling growth and survival (e.g. Morgan and Smith 1981; 
Corré 1983; Kwesiga and Grace 1986; Schmitt and Wulff 1993; Tinoco-Ojanguren 
and Pearcy 1995). Similarly, the sycamore and deep shade sites had similar levels of 
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canopy openness, resulting in similar amounts of seedling growth and survival, but in 
the long term plants might perform differently in the two sites because the sycamore 
canopy is deciduous and will therefore receive more light in winter. There are likely 
other factors beyond the scope of this study affecting seedling survival—for example 
seedlings in the crowded full sun sites might be further reduced by density-dependant 
mortality (Janzen 1970; Connell 1971; Harms et al. 2000; Peters 2003). However, in 
general these results suggest that the chances of a seedling surviving are highest 
within and around disturbed sites where light levels are relatively high.  
 
High mortality of B. darwinii seedlings in the shade was unexpected, given that adult 
plants are shade tolerant (Allen 1991, pers. obs.). Other studies have shown shade-
tolerant tree and shrub species to suffer high mortality in the shade as seedlings, 
possibly due to an increased presence of pathogens (Augspurger and Kelly 1984; 
Augspurger 1984a; Augspurger 1984b; Grubb et al. 1996; Lusk and Del Pozo 2002; 
Sanford et al. 2003; Weber et al. 2003) or herbivores (Baraza et al. 2004), or because 
young seedlings cannot fix enough carbon at low light levels to resist these stressors 
and persist in the understorey (Kobe 1997; Kaelke et al. 2001; Weber et al. 2003). It is 
also possible that the shade-tolerance of B. darwinii increases as it ages, as has been 
suggested for other tree species (Clark and Clark 1992; Kobe 1999; Weber et al. 
2003). Other invasive species of Berberis show a similar pattern of seedling growth 
and survival: B. thunbergii tolerates a wide range of soil and light conditions and 
persists under dense canopies, but seedlings are rarely found in very shady conditions 
(Ehrenfeld 1999; Silander and Klepeis 1999), and growth and survival of B. vulgaris 
seedlings is poor under low light conditions (Kollmann and Reiner 1996). Light 
availability may be a limiting factor for the growth and survival of seedlings for all 
these species.  
 
Seedlings in sunny sites also exhibited significantly different growth patterns from 
those of seedlings grown in other sites. Sun-grown seedlings were an order of 
magnitude taller and heavier, and had five times as many leaves and a significantly 
higher leaf mass ratio than seedlings grown in other light environments. This general 
pattern is often characteristic of pioneer, or light-demanding species (Grime 1965; 
Bazzaz 1979; Veenendaal et al. 1996; Wright et al. 1998; Agyeman et al. 1999)—as is 
low seedling survival in the shade (Denslow 1987; Swaine and Whitmore 1988; 
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Kitajima 1994). However, B. darwinii is shade tolerant, at least as an adult, and this 
trait is not generally associated with pioneer species (Grime 1977; Bazzaz 1979; 
Augspurger 1984b; Denslow 1987). Many species are able to regenerate in both high- 
and low-light environments (Welden et al. 1991), and can grow fast both in the sun 
and in the shade, relative to other species (Augspurger 1984b; Popma and Bongers 
1988; Kitajima 1994; Poorter 1999), so are not easily classified into successional 
status. Berberis darwinii seems to be one such species, with traits of both early and 
late successional status: seedlings are largely restricted to high light conditions, yet 
adults are extremely shade-tolerant. 
 
Other growth parameters also varied across light environments: specific leaf area 
(SLA) and leaf area ratio (LAR) increased as light levels decreased. However, most 
plants respond in this way to low light levels (e.g. Loach 1970; Boardman 1977; 
Caldwell et al. 1981; Givnish 1988; Walters et al. 1993; Grubb et al. 1996; Pattison et 
al. 1998; Baruch et al. 2000; Longbrake and McCarthy 2001; Lusk and Del Pozo 
2002), so this is unlikely to be the reason behind invasion success.  
 
While there was some variation in biomass allocation across sites, this too was largely 
due to the fact that seedlings grown in full sun sites were so different from seedlings 
grown in the other four light environments. In general, proportional allocation to 
above- and below-ground biomass did not vary according to the optimal partitioning 
hypothesis, despite significant differences in the light and soil moisture environment. 
Several studies have found similar results for invasive species (Pattison et al. 1998; 
Schweitzer and Larson 1999), but others have not (Baruch et al. 2000; Longbrake and 
McCarthy 2001).  Similarly, non-invasive species may or may not exhibit 
morphological plasticity in biomass allocation when grown along a light gradient 
(Messier 1992; Thompson et al. 1992b; Wang et al. 1994; Veneklaas and Poorter 
1998; McConnaughay and Coleman 1999; Tani et al. 2001; Lusk and Del Pozo 2002; 
Montgomery 2004).  It appears this trait is species-specific, and not necessarily linked 
to invasiveness per se. Furthermore, many phenotypic traits change during the life of 
a plant (Evans 1972; Poorter and Pothman 1992; Coleman et al. 1994; Gedroc et al. 
1996; Veneklaas and Poorter 1998), so patterns of biomass allocation may be 
different—including more plastic—later in life. 
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In summary, the success of B. darwinii in a wide range of environments does not 
appear to be explained by plasticity in proportional biomass allocation at the seedling 
stage. Some leaf characteristics did vary consistently across light environment, but 
this is likely to be the case for native species too. First-year seedling survival was low 
in the shade, despite adult plants of B. darwinii commonly occurring beneath an intact 
forest canopy. These results have implications for the management and control of this 
invasive species, where it occurs in similar conditions. While adult plants may be 
found in almost any light environment, the main focus of seedling control should be 
in and around high light areas such as canopy gaps and other disturbed areas. The 
majority of first-year seedlings growing beneath the closed canopy will likely die off 
naturally, particularly if soil moisture levels are high. 
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CHAPTER FOUR. PHOTOSYNTHESIS AND WATER 
USE EFFICIENCY: A COMPARISON BETWEEN 
INVASIVE AND NATIVE SPECIES 
 
Abstract 
Photosynthetic characteristics and water use efficiency were compared in wild and 
cultivated plants of the invasive species B. darwinii and four native species to 
examine how these traits might contribute to invasion success in New Zealand. Wild 
plants were selected from sunny and shady field sites, and cultivated plants were 
grown in three light environments created using varying levels of shade cloth. In 
sunny sites, the average maximum photosynthetic rate of B. darwinii was 
approximately double that of all native species. In shady sites, however, rates of 
photosynthesis were similar among all species. Values for quantum yield and dark 
respiration were also similar for all species. There was no significant difference 
between species in terms of water use efficiency, but B. darwinii and three of the four 
native species were more efficient in sunny sites than shady sites. The invasion 
success of B. darwinii may be partially explained by its ability to photosynthesis at 
higher rates in the sun and hence gain a rapid height and biomass advantage over 
native species. Greater water use efficiency does not appear to contribute to B. 
darwinii’s competitive advantage, although this may be different when water is 
limiting.  
 
Introduction 
Invasive plant species can drastically alter ecosystem-level processes by changing 
community structure and dynamics, soil water and nutrient levels, substrate stability, 
rates and pathways of succession, and disturbance and fire regimes (Ramakrishnan 
and Vitousek 1989; Vitousek and Walker 1989; Hughes et al. 1991; D'Antonio and 
Vitousek 1992; Walker 1993; Cronk and Fuller 1995; Ehrenfeld et al. 2001). How and 
why this happens is a question that has long interested population ecologists (Mack 
1985; Vitousek 1990), but is also of practical interest to managers dealing with 
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invasive species (Allendorf and Lundquist 2003; Donlan et al. 2003). Successful 
invasive species can have life history and morphological traits that enable them to 
utilize available resources more effectively than native species, such as more prolific 
seed production and dispersal, longer flowering periods, higher rates of seedling 
recruitment, more efficient leaf arrangement, faster growth rates, better recovery from 
leaf loss, or greater phenotypic plasticity (Williams et al. 1995; Ehrenfeld 1999; 
Fogarty and Facelli 1999; Lavergne et al. 1999; Martin 1999; Durand and Goldstein 
2001a).  
 
Physiological attributes such as higher rates of photosynthesis also have the potential 
to confer an advantage to exotic species over natives, and hence contribute to invasion 
success. For example, in a study conducted in the USA, Kloeppel and Adams (1995) 
found that the invasive tree species Acer platanoides had greater carbon assimilation 
(i.e. higher net photosynthesis) than the native Acer saccharum. In Hawaii, the 
invasive grass Pennisetum setaceum was demonstrated to have higher net 
photosynthetic rates than the native grass Heteropogon contortus (Williams and Black 
1994). Pattison et al. (1998) compared five invasive species with four natives, and 
found that all invasive species had higher rates of net photosynthesis than the native 
species. But how might a higher rate of photosynthesis contribute to invasion success? 
Plants with high photosynthetic capacity generally exhibit high rates of biomass 
accumulation and growth (Lambers and Poorter 1992), and therefore may be able to 
out-compete slower-growing species and rapidly colonize a large area (Grime and 
Hunt 1975). Specific leaf area (SLA, leaf area per unit leaf mass) is also a key 
component of a species’ growth strategy, because it describes the light capture area 
deployed per unit leaf mass (Lambers and Poorter 1992; Reich et al. 1997; Wright and 
Westoby 2001). So if invasive species have higher maximum rates of photosynthesis 
and higher SLA than native species, they may be better able to capture and utilize 
light resources—particularly in high-light environments associated with disturbance 
that are often the entry point for invasive species (Drake et al. 1989; Hobbs 1989; 
Burke and Grime 1996; Paynter et al. 1998; Petryna et al. 2002).  
 
Greater water use efficiency may confer a competitive advantage if an invasive 
species is able to use more of a limited water supply, or use it more efficiently. Plants 
might use more of a limited water supply by reducing above-ground biomass and thus 
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reducing transpirational water loss, by increasing biomass allocation to root tissue, or 
by storing water in rhizomal or other tissue for later use (Busch and Smith 1995; 
Gordon et al. 1999; Li 1999). Water use efficiency can be defined as the amount of 
carbon gained per unit water transpired (Farquhar et al. 1989).  In order to acquire 
more carbon, a plant must take up more CO2. To take up more CO2, a plant must open 
its stomata wider, but this in turn results in greater transpirational water-loss. To use 
water efficiently, therefore, plants must be able to acclimate to water stress and adjust 
stomatal conductance accordingly (Cowan 1982). While it is unlikely that any single 
trait or group of traits alone will completely explain the success of an invasive 
species, comparing ecologically similar, sympatric invasive and native taxa can help 
to identify factors contributing to invasion success (Mack 1996). 
 
Berberis darwinii Hook. (Berberidaceae) is a woody, evergreen shrub up to 
approximately 4 m high, native to southern Chile and Argentina. It was originally 
brought to New Zealand for horticultural purposes, but has since invaded many 
vegetation types throughout the country (Webb et al. 1988).  It forms dense, 
impenetrable stands that exclude natives and persist beneath the forest canopy (Allen 
1991). I hypothesized that the more efficient use of light and water might give B. 
darwinii an advantage over native species, and thus contribute to invasion success. I 
tested this hypothesis by measuring gas exchange processes and water use efficiency 
in B. darwinii and four co-occurring, ecologically similar native plant species: 
Coprosma grandifolia (Rubiaceae), Melicytus ramiflorus (Violaceae), Pseudopanax 
arboreus (Araliaceae), and Shefflera digitata (Araliaceae). These species are all small 
trees c. 7-10 m tall, common in both sunny and shady conditions in lowland and 
montane forest throughout much of New Zealand (Allan 1961; Poole and Adams 
1994). 
 
Methods 
Study site 
I conducted this study within the Karori Wildlife Sanctuary, a 249-ha ecological 
restoration site in Wellington, New Zealand. See methods section of Chapter Two for 
detailed description of site. 
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 Light environment 
To measure photosynthesis in plants from different light environments I selected wild 
plants growing in the full sun with no canopy cover, and in the shade with complete 
canopy cover. I quantified the degree of canopy cover at each plant using a crown 
densitometer (Forestry Suppliers, USA) to estimate canopy openness. This instrument 
is comprised of a spherical, convex mirror which reflects a large overhead area. A 
grid etched into the mirror is used to estimate the percentage of this overhead area 
covered by forest canopy (Lemmon 1957). I measured percent open sky overhead to 
the north, south, east and west and took the average of these four values. I took the 
readings from 10 cm directly above the leaf being measured for photosynthesis. 
 
Photosynthesis 
I measured photosynthesis within and around the Karori Wildlife Sanctuary between 
January and April 2003 using a portable open gas exchange system (LI-6400, Licor, 
Lincon, Nebraska, USA) with a blue-red LED light source (6400-02B, Licor). I 
selected 10 wild plants per species, a minimum of 50 cm and up to 4 m tall: 5 growing 
in full sun and 5 growing in shade beneath the native forest canopy. I chose one 
recently matured, fully expanded leaf per plant for the measurements, giving a total of 
10 leaves measured per species. Leaf temperature was kept at approximately 19°C 
during all measurements, similar to daytime summer temperatures in the shade. 
Sample CO2 concentration was 370 μmol mol-1, and vapour pressure deficit was 
generally held between 1.0 and 1.5 kPa. To compare the steady-state photosynthetic 
performance in sun and shade of each species, a light response curve was generated 
for each leaf using the automated routine in the LI-6400. Prior to measurements, 
leaves were allowed to acclimate under a photosynthetic photon flux density (PPFD) 
of either 1500 μmol m-2 s-1 (for plants grown in sun) or 1000 μmol m-2 s-1 (for plants 
grown in shade). Once stable, leaves were exposed to a series of PPFDs decreasing 
from that initial level to darkness: 1500, 1000, 500, 200, 100, 50, 10, 0 μmol m-2 s-1. 
At each light level I allowed the photosynthetic rate to stabilise for two to four 
minutes before recording photosynthetic rate. Upon completion of the light response 
curve, I harvested the measured leaf for future calculation of specific leaf area (leaf 
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area/leaf mass). Leaves were measured using a Licor 320 area meter, dried for 7 days 
at 45°C, then weighed. 
 
Water use efficiency 
I measured water use efficiency on plants of a known age that had been grown under 
uniform, controlled conditions. To do this I collected seeds of all species and sowed 
them onto vermiculite in January (B. darwinii), February (P. arboreus and M. 
ramiflorus), March (C. grandifolia), and April (S. digitata) of 2001. All four native 
species germinated within 6 weeks, while B. darwinii took 5 months to germinate. I 
potted up seedlings within one month of germination using a commercially produced 
potting mix and c. 1.5 litre potting bags. Seedlings that died within 1 month were 
replaced.  
 
I created three light environments in an outdoor area at Victoria University, 
Wellington, using shade boxes 80 cm high x 180 cm wide x 120 cm deep, covered 
with neutral-density shade cloth: full sun (no shade box), single shade (one layer of 
shade cloth), and double shade (two layers of shade cloth). There were two 
replications of each light treatment, giving a total of 6 sites. Photon flux (μmol m-2 s-1) 
of photosynthetically active radiation was used as a measure of irradiance under the 
light treatments to determine how much light was intercepted by the shade cloth. LI-
COR LI-190SA quantum sensors (LI-COR) were used to simultaneously measure 
irradiance in the full sun, beneath one layer of shade cloth, and beneath two layers of 
shade cloth. Five readings were taken over the course of 25 minutes to find an average 
measure for each light treatment. Relative to the full sun treatment, one layer of shade 
cloth reduced irradiance by 40.9 + 0.2%, and two layers reduced it by 6.7 + 0.04% 
(values are means + 1 SE). These light levels are likely to be similar to natural light 
environments within, or close to, a treefall gap and beneath the closed canopy 
respectively (McDonald and Norton 1992; Ebbett and Ogden 1998). 
 
Ten seedlings of each species were randomly allocated to a light treatment site. To 
minimize effects of heterogeneity within the study site, seedlings were rotated 
randomly within light treatment several times during the experiment. Plants were kept 
moist with frequent watering, and fertilised with Scotts Osmocote controlled release 
 83
plant food at 7 months of age. The cultivated plants were used for measuring water 
use efficiency when the plants were approximately two years old. 
 
I measured carbon isotope composition in the leaves of the cultivated plants to 
compare photosynthetic water use efficiency (WUE) in the five study species. Carbon 
isotope composition (expressed as δ13C) is calculated by comparing the ratio of 13C to 
12C in a sample (Rsample) to the ratio of the Pee Dee belemnite carbonate standard 
(Rstandard) (Craig 1957): 
 
δ13C = (Rsample/Rstandard – 1) x 1000 
 
In C3 plants δ13C varies with the ratio of intercellular to ambient CO2 (Farquhar et al. 
1989). Carbon isotope discrimination is calculated from the carbon isotopic 
composition of the plant sample and the source air:  
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where δ13Catm is the isotopic composition of the source air (~ -8 ‰ in the present 
atmosphere), a is the diffusional discrimination against 13CO2 (-4.4 ‰), b is the 
discrimination against 13CO2 by Rubisco (-29 ‰), and Ci/Ca is the ratio of 
intercellular to ambient CO2.  During photosynthesis C3 plants preferentially 
assimilate 12C and discriminate against 13C, so they contain a smaller ratio of 13C to 
12C than does the CO2 of the source air. Carbon isotope discrimination in C3 plants is 
correlated with water use efficiency because both processes are related to Ci 
(Farquhar et al. 1989). This follows because WUE can be expressed as the molar ratio 
of photosynthesis (A) to transpiration (E) as: 
 
WUE =  A/E = (ca – ci)/(1.6Δw) 
where,  A = [(ca – ci)g]/1.6 
  E = Δwg 
 
where g is leaf conductance to water vapour, 1.6 is the molar ratio of diffusion of 
water vapour and CO2 in the air, ca is ambient CO2 level, ci is intercellular CO2 level, 
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and Δw is leaf to air water vapour concentration gradient. Discrimination against 13C 
will be least (and so the δ13C value will be more positive) in plants that fix the most 
carbon per unit amount of water transpired (Farquhar and Richards 1984). 
 
I chose two healthy plants per species in each of the six plots (two replications of 
three light treatments), and harvested one recently expanded leaf per plant in June 
2003. This gave a total of 12 leaves per species measured—4 per light treatment. Each 
leaf was air dried at 45° C for 7 days, then finely ground (<3 mm) using an electric 
grinder. Samples were then sent to the Stable Isotope Unit at Waikato University, 
Hamilton, New Zealand, for analysis of δ13C ratios on a fully automated Europa 
Scientific 20/20 Isotope analyser.  
 
Statistical analyses 
I used a non-rectangular hyperbola as an empirical curve to approximate the response 
of photosynthesis to photosynthetic photon flux density (Ögren and Evans 1993; 
Lambers et al. 1998). Curve fitting was conducted in SigmaPlot, using the following 
equation: 
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where A is the photosynthetic rate, φ  is quantum yield (the initial slope of the light 
response curve, which is an indication of the apparent yield of photosynthesis), Amax is 
the photosynthetic capacity (asymptote of A), rd is dark respiration (y intercept), and θ 
is a curvature parameter (see Ögren 1993 for a discussion of the biological meaning of 
θ). 
 
I analysed the data using S-Plus 4 (Mathsoft 1997) and SigmaStat (SPSS 2004) 
statistical software. To identify the best way to transform the data I evaluated each 
variable for the best distribution of expected vs. actual residuals (Zar 1984). Quantum 
yield and specific leaf area data were log-transformed, but all other data met model 
assumptions untransformed. I used two-way ANOVA using linear mixed effects 
models to test for the main effects and interactions of species and light environment 
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on photosynthetic and leaf characteristics of the wild plants growing in sun and shade. 
To measure water use efficiency on the cultivated plants, I used linear mixed effects 
models to test for the main effects and interactions of species and light environment, 
with site incorporated as a random variable. Post-hoc comparisons were made using 
either Tukey or Sidak tests, and resulting P-values were Bonferroni-corrected.  
 
Results 
Light environment 
Percent canopy openness was significantly different between light environments (F = 
327.46, df = 1, residual = 48, P < 0.001), averaging 24.73 % + 1.71 (mean + se) for 
plants growing in the sun, and 1.67 % + 0.17 for plants growing in the shade. Tukey 
posthoc contrasts indicated that there was no significant difference between species 
for light environment (F = 2.489, df = 4, residual = 40, P = 0.06). This means that, as 
was intended, all plants measured were growing in a similar degree of sun or shade, 
regardless of species. 
 
Photosynthesis  
The average light-saturated photosynthetic rate (Amax) differed by both light 
environment and species (Table 4.1). Amax of B. darwinii in the sun was 
approximately double that of the four native species, but in the shade average Amax 
was similar among all species (Fig. 4.1a). There was also an interaction between light 
environment and species, likely due to the fact that B. darwinii was different from all 
other species in the sun, but was only different to P. arboreus in the shade (Fig. 4.1). 
There were no significant differences between species for quantum yield or dark 
respiration (Table 4.1). However there were significant differences between light 
environments for both factors; in the sun, all species had a significantly lower 
quantum yield (Fig. 4.1b), and higher dark respiration (Fig. 4.1c) compared to the 
shade.  
 
Light response curves differed between light environments in the same way for all 
species, in that leaves developed in shade had significantly lower light-saturated 
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photosynthesis rates, and they saturated at lower PPFDs than sun leaves (Fig. 4.2, 
Table 4.1). However, in the sunny sites B. darwinii had a higher rate of 
photosynthesis than the native species across most PPFDs (Fig. 4.2). Light response 
curves in the shade were similar for all species (Fig. 4.2).  
 
Specific leaf area 
Specific leaf area (SLA) varied significantly among species and across light 
environments, and there was an interaction between the two (Table 4.1). As expected, 
SLA was higher (leaves were larger and thinner) in the shade for all species (Fig. 4.3). 
In the sun, SLA of B. darwinii was significantly lower than all native species, but in 
the shade SLA was less variable, with B. darwinii differing from only two of the 
native species (Fig. 4.3). The interaction is likely due to the fact that B. darwinii and 
S. digitata are different from all other species in the sun, but not in the shade (Fig. 
4.3). 
 
Water use efficiency 
Mean δ13C values in the cultivated plants ranged from -33.12 to -28.08 (Fig 4.4). 
ANOVA indicated that there was a significant difference in δ13C between light 
environments and between species, but there was no interaction (Table 4.1). Within 
species, δ13C values were more positive (and so water use efficiency increased) as 
light increased, with all species except S. digitata significantly more efficient in full 
sun than in the double shade treatment (Fig. 4.4). 
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Fig. 4.1. Photosynthetic measurements from wild plants growing in sun and shade:
a) Amax, b) quantum yield, and c) dark respiration (see methods). Each bar indicates
the average value + se from five leaves: one leaf from five plants per species. Within
each light environment, bars that share the same letter/s are not significantly different
from each other (Sidak posthoc contrasts P<0.05).
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Table 4.1. Generalized linear model of photosynthetic and leaf parameters by light 
environment and species (Berberis darwinii, Coprosma grandifolia, Melicytus 
ramiflorus, Pseudopanax arboreus, and Shefflera digitata), and linear mixed effects 
models of water use efficiency (WUE) by light environment and species. Amax, 
quantum yield, dark respiration, and specific leaf area measurements were conducted 
on wild plants growing in sun and shade. WUE measurements were conducted on 
cultivated plants growing in three artificially created light environments, with site 
nested within light environment (no deviance is reported for WUE because a linear 
mixed effects model was used). Site was a random effect, so only the results for the 
fixed effect (light environment) are presented. Summary table indicates degrees of 
freedom (df), deviance (dev), variance ratios (F), and P-values (P). 
 
  
 
Photosynthetic and leaf parameters 
 
df dev
 
F P
  
AMAX  
 Light environment 1 567.01 143.61 <0.001
 Species 4 296.60 18.78 <0.001
 Light environment x species 4 210.49 13.33 <0.001
 Residual 40  
   
QUANTUM YIELD  
 Light environment 1 0.69 7.30 0.010
 Species 4 0.01 0.03 0.998
 Light environment x species 4 0.54 1.42 0.244
 Residual 40  
   
DARK RESPIRATION  
 Light environment 1 2.58 38.31 <0.001
 Species 4 0.65 2.40 0.066
 Light environment x species 4 0.54 1.99 0.115
 Residual 40  
   
SPECIFIC LEAF AREA  
 Light environment 1 11.85 553.93 <0.001
 Species 4 4.65 54.36 <0.001
 Light environment x species 4 1.50 17.48 2.28
 Residual 40  
   
WATER USE EFFICIENCY  
 Light environment 2 28.11 <0.001
 Species 4 3.16 0.023
 Light environment x species 8 0.71 0.684
 Residual 120  
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 Fig. 4.2. Light response curves from wild plants growing in sun and shade. Each
point represents the average photosynthetic rate of five leaves in the given light
environment. Curves are non-rectangular hyperbolae (see statistical analysis
section in methods for equation) fitted through mean values of photosynthesis
recorded at each irradiance level.
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 Fig. 4.3. Specific leaf area (SLA) of leaves on which photosynthesis was
measured.  Each bar indicates the average SLA + se of five leaves: one
leaf from five plants per species (see methods). Within each light environment,
bars that share the same letter/s are not significantly different from each other
(Sidak posthoc contrasts P<0.05).
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Fig. 4.4. Carbon isotope composition (δ13C) as a measure of water use efficiency
(see methods) of cultivated plants growing in three light environments. Each point
represents the average δ13C  + se of four leaves per light environment. Within each
graph, points that share the same letter/s are not significantly different from each
other (Tukey posthoc contrasts P<0.05).
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 Discussion 
Black (1969) suggested that it is the ability of certain plants to fix carbon at high rates 
that makes them successful weeds. Many studies have since found evidence that some 
invasive plants photosynthesize at higher rates than natives (Carter et al. 1989; Owens 
1996; Pattison et al. 1998; Baruch and Goldstein 1999; Baruch et al. 2000; Stratton 
and Goldstein 2001; Durand and Goldstein 2001b; McDowell 2002), including the 
present study. In sun-grown plants, B. darwinii exhibited maximum rates of 
photosynthesis that were approximately double that of all four native species studied. 
Plants with higher photosynthetic capacity do not necessarily exhibit higher growth 
rates because there may be trade-offs in patterns of resource allocation (Poorter and 
Remkes 1990), but in the current study there does appear to be a positive correlation 
between growth rate and photosynthetic rate in B. darwinii. Plants growing in sunny 
sites not only had significantly higher Amax than plants growing in shade, they were 
also an order of magnitude larger, despite similar patterns of biomass allocation (see 
chapter 3 for growth data). I did not measure the growth of the native species in this 
study, largely because of extremely low seedling survival rates, but I did observe that 
2 year-old seedlings of B. darwinii were at least twice as big as the 2 year-old 
seedlings of the four native species in sunny sites. These results suggest that, at least 
in high light environments, B. darwinii may be able to grow bigger and survive better 
than native species in the sun because it has a higher photosynthetic capacity under 
these conditions. 
 
Interestingly, B. darwinii does not appear to have a similar advantage under shady 
conditions, despite being considered a shade-tolerant species (Allen 1991). Many 
species that can photosynthesise faster than other species in sunny conditions can also 
photosynthesise faster in shady conditions (e.g. Owens 1996; Pattison et al. 1998; 
Durand and Goldstein 2001b), but B. darwinii does not appear to be one of them. 
Maximum photosynthetic capacity in the shade was approximately four times lower 
than it was in the sun for B. darwinii, and was no higher than any of the native 
species. Furthermore, all other measured parameters were the same for all species in 
the shade. It appears that B. darwinii’s photosynthetic advantage under high light 
conditions is nonexistent under low light conditions. Factors contributing to its 
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persistence and competitive success in the shade may be related to other factors such 
as resistance to herbivory and pathogens, efficient seed dispersal, high rates of 
germination and seedling establishment, vegetative reproduction, phenotypic 
plasticity, or some combination of these factors. 
 
Greater water use efficiency has previously been proposed as a factor contributing to 
invasion success, particularly when water is a limiting resource (Busch and Smith 
1995; Kloeppel and Abrams 1995; Stratton and Goldstein 2001). In the current study, 
however, all species except S. digitata were more efficient as light increased, so this 
does not appear to be an area where B. darwinii gains a competitive advantage over 
the native species.  Several studies have suggested that plants can afford to be less 
efficient in the shade, where water is more available (Toft et al. 1989; Gordon et al. 
1999; Blicker et al. 2003), and that, in some cases, drought results in an increase in 
water-use efficiency (Garten and Taylor 1992; Meinzer et al. 1992; Högberg et al. 
1993; Hubrick and Gibson 1993; Knight et al. 1994). In this study, water use 
efficiency measurements were done on plants grown in artificial conditions, which no 
doubt received more water than plants in the field. It is, therefore, possible that these 
results may have been different if water had been more limiting, as it would have been 
in the sunny sites in the field (see Chapter Two). Further research would clarify this 
aspect. 
 
Other differences between field- and container- grown plants also support the 
assertion that water-use efficiencies may have been different in the two populations. 
Plants of all species growing in artificial conditions were much bigger than the field-
grown plants, and survival rates were significantly higher (pers. obs.). Also, size 
differences between B. darwinii and natives reversed between field and artificial 
conditions: under sunny conditions in the field B. darwinii was significantly bigger 
than the natives, but under artificial conditions the reverse was true (pers. obs.). These 
observations suggest that B. darwinii seems to be more competitive under high light, 
low moisture field conditions, in part because of its ability to photosynthesise faster 
than the natives, but possibly also because of greater water use-efficiency under 
water-limiting conditions. On the other hand, drawing general conclusions solely from 
eco-physiological characters can be problematic. For example, in Australia the 
invasive species Chrysanthemoides monilifera subsp. rotundata has a lower per unit 
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leaf area net assimilation rate and lesser drought tolerance than the native species 
Acacia longifolia, but C. monilifera subsp. rotundata can out-grow A. longifolia 
through a more effective arrangement of photosynthetic tissue (Weiss and Noble 
1984). More research would elucidate the WUE relationships between these species. 
 
In summary, the results of this study suggest that B. darwinii may have higher growth 
rates under high light conditions than the four native species studied because it has 
higher photosynthetic capacity. Greater water use efficiency does not appear to 
contribute to B. darwinii’s competitive advantage, although this may be different 
under conditions where water is limiting. 
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CHAPTER FIVE. WHY IS BERBERIS DARWINII SUCH A 
SUCCESSFUL ENVIRONMENTAL WEED? 
 
Invasive species are, by definition, species that successfully recruit into new areas or 
environments, often to the detriment of naturally-occurring species and ecosystem 
processes (Mack 1997). Invasion biologists and conservation managers need to 
understand how that occurs. This knowledge helps them to predict which species are 
likely to become invasive, and manage or control those that already have. In most 
cases this requires an examination of all stages of seedling recruitment, from the time 
mature seeds are released from the parent plant to the time seedlings emerge and 
become photosynthetically self-sufficient (e.g. Gleadow 1982; Vitousek and Walker 
1989; Silander and Klepeis 1999; Greenberg et al. 2001; Aragón and Groom 2003; 
Ellsworth et al. 2004). Seedling colonization is usually necessary for recruitment to 
take place, although some species do expand their territory largely via rhizome 
expansion and/or vegetative regeneration (e.g. Kelly and Skipworth 1984; Timmins 
and Williams 1987; e.g. Huffman and Tappeiner II 1997; Hertling and Lubke 2002), 
particularly aquatic or semi-aquatic species (Coffey and Clayton 1988; Lemon et al. 
2001; Cecere et al. 2004). However, understanding the dynamics of seedling 
recruitment is no simple task, given the multitude of interacting factors that determine 
seed and seedling survival at any given site.  The aim of this thesis was to (a) better 
understand the recruitment dynamics of Berberis darwinii, (b) identify factors that 
might give B. darwinii a competitive advantage over native species and thus 
contribute to invasion success, and (c) identify critical life-stages and/or situations 
when weed control is likely to be most effective. 
 
Factors contributing to invasion success 
The results of this study suggest that B. darwinii has several seed and seedling traits 
that may confer a competitive advantage over native species and thus contribute to 
invasion success. It produces large amounts of fruit earlier in the growing season than 
many co-occurring species, and those seeds are dispersed by birds many hundreds of 
metres from the parent plants (Fig. 2.5). Berberis darwinii seeds germinate in higher 
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numbers and in a wider range of light environments than at least four of the common 
native species (Fig. 2.9), resulting in a virtual ‘carpet’ of seedlings that have the 
potential to expand the population. Survival of these new seedlings is significantly 
higher than that of the common native species (Fig. 2.9), potentially because B. 
darwinii photosynthesises at almost twice the rate of the natives under high light 
conditions (Fig. 4.1). Plasticity in biomass allocation and water use efficiency, 
however, do not appear to contribute to invasion success. These traits are discussed in 
more detail below. 
 
Effective seed dispersal 
Propagule pressure is one of the most important influences on invasion success: the 
more individuals introduced, and the greater the number of introductions, the more 
likely a non-indigenous species will become established (Kolar and Lodge 2001). 
Berberis darwinii exerts a significant propagule pressure on the surrounding 
environment, with vast quantities of viable seed dispersed over a large area on a 
yearly basis (Fig. 2.5). In effect, this ensures a constant supply of potential new 
recruits to the population, which likely serves to both extend the occupied territory 
and initiate new populations. This widespread dispersal may be enhanced further 
because B. darwinii fruits earlier in the year compared to many other species, when 
competition for dispersers is low (Allen and Lee 1992). Indeed, B. darwinii appears to 
be at least as effectively dispersed than native species, if the number of seedlings that 
were observed during the two years of this study is any indication. Following the 
period of peak germination, B. darwinii seedlings were present in significant numbers 
throughout the KWS, but the same phenomenon was not noted for the native species, 
despite fruiting adult plants of all species being widespread throughout the study area 
(pers. obs.). On the other hand, other native species may germinate at different times 
of the year, or have dormant seeds and only germinate when suitable conditions arise, 
so any advantage may be lost over the long term. However, an earlier study that found 
annual seedling establishment of B. darwinii far exceeded that of all native species 
sampled (Allen 1991) so it likely does have some advantage in this respect. Early 
fruiting and widespread dispersal may also allow B. darwinii to reach suitable sites 
ahead of competing species, thereby giving it a head start in the recruitment race at 
any particular site. This assertion is supported by a 13-year study into the recruitment 
dynamics of 314 species, which concluded that many sites were ‘won’ not by the best 
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competitor for that site, but by the species that arrived first (Hubbell et al. 1999). 
However, this may vary among species depending on relative timing of germination, 
and whether suitable environmental conditions are available at that time. 
 
Seed dispersal by birds appears to be important to B. darwinii recruitment for another 
reason: seeds that dropped to the ground and thus germinated beneath the parent 
canopy had virtually no chance of surviving as a seedling (Fig. 2.11). This result 
supports the escape hypothesis, which predicts that density-dependent seed and 
seedling mortality is highest beneath the parent canopy (Janzen 1970; Connell 1971). 
This is a common aspect of recruitment for many plants, but nevertheless is vital 
information for the management and control of this species: seedlings occurring 
beneath the undisturbed parent canopy will generally not be contributing to 
population expansion—and therefore will not require artificial control measures. 
Results also indicate that light environment plays a significant role in seedling 
survival, so seeds that are dispersed to treefall gaps or open areas are also more likely 
to establish. Whether light or density is the most important influence on survival may 
depend on the situation. Results seem to suggest that seedling density limits survival 
when density is high (possibly due to intense seedling competition), but at lower 
densities, light is the limiting factor. The fate of seedlings germinating at sites where 
B. darwinii had been controlled would be a useful addition to this research. 
 
Mass germination 
There are two main germination strategies common in nature: ‘take-what-you-get’ 
(relatively prompt germination, regardless of the environment), or ‘sit-and-wait’ 
(delayed germination, or dispersal in time) (sensu Figueroa and Armesto 2001). 
Berberis darwinii exhibits the former strategy: almost all seeds germinate in the 
spring following dispersal (Fig. 2.8), regardless of habitat or light environment (Fig. 
2.9). This strategy, coupled with widespread dispersal results in a ‘carpet’ of seedlings 
that appear to have a good chance of surviving if they happen to occur in the right 
light conditions. As always, however, there are trade-offs associated with any 
particular strategy (Roff 1992). The main cost of the ‘take-what-you-get’ strategy is 
the risk that many seeds will germinate in sites unsuitable for seedling establishment 
(Egley 1994; Fenner and Thompson 2005). ‘Sitting-and-waiting’ for suitable 
conditions, however, means that seeds are exposed to the risk of death from seed 
 98
predators and pathogens for a longer period of time (Crist and Friese 1993; Lonsdale 
1993a; Dalling et al. 1998b; Leishman et al. 2000) or may lose viability before 
conditions become suitable (Baskin and Baskin 1998; Fenner and Thompson 2005). 
Thus, alternative regeneration strategies are likely to be attuned to a limited range of 
habitat conditions, so competitive superiority may vary from site to site. 
 
In the current study, the ‘take-what-you-get’ strategy does appear to result in more 
newly-germinated B. darwinii seedlings, in a wider range of light environments, when 
compared to the native species (Fig. 2.9). However, this comparison is only valid if all 
species have the same germination strategy. If any of the native species had the ‘sit-
and-wait’ strategy, the low rate of native germination in the shade might be due to the 
fact that those seeds had become dormant, and would germinate at a later date when 
conditions became favourable. Given that few B. darwinii seedlings survive in the 
shade, and few seeds persist in the soil for more than one year, native species with 
persistent, dormant seeds might in fact have an advantage in those sites over the long 
term. However, a previous study of the same native species suggests that only 
Schefflera digitata has a persistent seedbank (Moles et al. 2000), so B. darwinii may 
have a real advantage at the germination stage over the other three species at least. 
More research into the germination strategies of all species, and the consequences of 
the different environmental conditions likely to be encountered over the long-term, 
would clarify this situation.  
 
High seedling growth rates and survival 
Berberis darwinii has high rates of seedling growth and survival in high light 
environments (Figs. 2.9 and 3.1), and this may be largely due to its ability to 
photosynthesis faster under these conditions (Fig. 4.1). A species that can 
photosynthesise faster than others can fix more carbon per quantum of light energy, 
and can thus accumulate biomass faster (Lambers and Poorter 1992). Accumulation of 
biomass is positively correlated with competitive ability and fitness in plants (Harper 
1977), therefore B. darwinii’s ability to photosynthesise rapidly likely contributes to 
its invasion success. However, there are costs and trade-offs associated with 
photosynthesising fast, so this trait alone does not guarantee competitive superiority. 
For example, high carbon gain can result in higher water loss, since carbon dioxide 
and water vapour diffuse in and out of a leaf along the same pathway; thus, a plant 
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that is photosynthesising fast may also be losing water fast (Givnish 1986). However, 
B. darwinii was more efficient at using water in high light—where it photosynthesises 
fast—compared to low light (Fig. 4.4), suggesting that B. darwinii is compensating 
for this loss, perhaps by effective stomatal regulation. Leaves with high 
photosynthetic capacity can also be costly to construct and maintain, because they 
require large inputs of mineral nutrients to create the enzyme and pigment pools 
needed to sustain high rates of CO2 uptake (Field and Mooney 1986). Additionally, 
nutrient-rich leaves tend to be more attractive to herbivores, so they may require extra 
expenditure on defense mechanisms (Givnish 1988).  
 
Nevertheless, if the costs of high photosynthetic capacity can be met, rapid growth 
can confer a significant advantage. Larger seedlings often survive better than small 
seedlings, possibly because they are able to capture limiting resources first, and have 
more resources with which to cope with biotic and abiotic challenges (Turner 1990; 
Simons and Johnston 2000). Other studies have also found invasive species to have 
higher rates of photosynthesis than natives, and have linked this to higher rates of 
growth, biomass accumulation, and subsequent invasion success (Baruch et al. 1985; 
Williams and Black 1994; Kloeppel and Abrams 1995; Pattison et al. 1998). High 
photosynthetic capacity has also been linked to enhanced utilization of sunflecks, the 
shafts of light that penetrate small openings in the forest canopy (Poorter and 
Oberbauer 1993; Naumberg and Ellsworth 2000; FitzJohn 2002). Sunflecks 
potentially comprise more than half of the daily photon flux density in the 
understorey, and may account for more 30-60% of carbon gain (Pearcy and Calkin 
1983; Pearcy 1987; Chazdon 1988). Plants that can utilize sunflecks more efficiently 
may, therefore, have a competitive advantage over less efficient species in the shade. 
Thus, the high photosynthetic capacity of Berberis darwinii may also contribute to its 
ability to persist in the forest understorey as adult plants.  
 
Critical life-stage 
The critical stage of recruitment for Berberis darwinii appears to be first-year seedling 
establishment. Widespread dispersal and mass germination create a carpet of 
seedlings, but site-dependent mortality of seedlings strongly modifies recruitment 
(Figs 2.5, 2.9, and 2.11). All potential sources of mortality were not identified in this 
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study, but significant factors were density and light availability: first-year seedlings 
rarely survived in shady sites (Fig. 2.9) or in sites directly beneath the parent canopy 
where density was extremely high (Fig. 2.10, Fig 2.11). Thus, although B. darwinii is 
shade-tolerant as an adult (Allen 1991), seedling recruitment appears to be strongly 
limited by both density and light availability. Dispersal away from parent plants, to 
high light environments is critical to establishment. 
 
This study makes a valuable contribution to the growing body of knowledge on 
invasive species. Shade-tolerant weeds are often considered to be of particular 
concern, due to their potential impact on natural, relatively intact ecosystems. 
However this study indicates that the light requirements of seedlings may be different 
to the light requirements of adult plants, so each stage should be considered separately 
in assessments of invasion risk and control options. Furthermore, while there is no 
universal group of traits that explains or predicts invasion success in general, the 
results of this study add to current evidence that invasion success is often due to—or 
at least accelerated by—high reproductive output, widespread seed dispersal, and 
higher rates of growth and survival than native species. 
 
Management implications 
This study provides a clear picture of the recruitment dynamics of B. darwinii and 
thus reveals critical information for the management of this invasive species. 
Knowledge of the critical life-stage of a species allows managers to concentrate 
control measures where and when they will be most effective and efficient. For 
example, since the critical life-stage of B. darwinii recruitment is seedling 
establishment, managers can effectively ignore seeds or newly-germinated seedlings, 
because most will not survive through the seedling establishment stage. Furthermore, 
knowing the conditions that create this bottleneck of recruitment allows managers to 
further focus control efforts within that critical stage; seedlings beneath the parent 
canopy and in other shady environments will largely die out naturally, so seedling 
control need only be done in sunny sites such as disturbed areas and tree-fall gaps. 
 
Understanding the recruitment dynamics of a species also helps managers to predict 
where and when invasion is likely to occur—and re-occur following control. Berberis 
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darwinii has widespread seed dispersal and comparatively high seedling survival in 
high light environments. Therefore, any forest patch within a minimum of four- to 
five-hundred metres of adult B. darwinii plants that is frequented by dispersers of B. 
darwinii seeds (e.g. silvereyes, thrushes and blackbirds) is likely to receive seed rain 
input each year—although the quantity may vary according to the size of the B. 
darwinii population. Seeds that are dispersed to high light environments such as tree-
fall gaps and other disturbed areas are likely to out-compete native species, due to 
faster growth rates and better seedling survival. Furthermore, once seedlings get past a 
certain size, they may well cope with being overtopped and persist in the understorey. 
These understorey plants are unlikely to produce many flowers and thus fruit (Allen 
and Wilson 1992), but may still increase coverage via vegetative reproduction (Allen 
1991). Furthermore, B. darwinii is likely to out-compete native species in the event of 
canopy disturbance, given its superior photosynthetic capacity in high light. It is 
unclear whether New Zealand native forest will eventually regenerate through a 
dominant stand of B. darwinii, but if tree-fall gaps and other disturbances continue to 
occur, B. darwinii will be a recurring problem. Where practical, managers should 
focus on the removal of existing plants, (particularly if they occur within 
approximately 500m of favourable microsites and/or highly valued areas) and 
concentrate control efforts around gaps and other high-light areas for as long as the 
seed source remains. Seedlings should be removed before they reach sexual maturity, 
which can be as early as two years after germination. 
 
Summary 
Berberis darwinii appears to have several traits that have the potential to contribute to 
invasion success. Firstly, B. darwinii seedlings appear to be more numerous, and more 
widespread, than native seedlings, possibly due to the combination of effective seed 
dispersal and non-specific germination requirements. Secondly, B. darwinii seedlings 
survive better, and have the potential to grow more rapidly than native species under 
high light conditions due to higher photosynthetic capacity. The critical life-stage for 
B. darwinii is first-year seedling establishment, with both high density and low light 
being the main factors limiting recruitment. Invasion is thus most likely to occur in 
open and/or disturbed sites, so seedling control will be most efficient if concentrated 
in these areas. 
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